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ABSTRACT 
The usage of OPEFB biomass as an alternative source for renewable energy such as 
biochar has a great potential to overcome the shortage of fossil fuel. Moreover, the utilization of 
biomass as a source of biofuel can reduce the problem of environmental pollution particularly on 
the issues related to greenhouse gases. Being the second largest oil palm producer in the world, 
Malaysia has a great potential to produce clean renewable energy from biomass. The self-
sustained carbonization was proposed and tested in this study, whereby oil palm biomass itself 
was combusted to provide heat for self-carbonization in inadequate oxygen without electrical 
heating element. In the first chapter, the reviews on the literature pertaining Malaysia palm oil 
industry, current carbonization technologies, proposed self-sustained carbonization to produce 
biochar and the objectives of this study have been discussed. 
In the second chapter, the temperature profiles and gaseous emission concentration 
during self-sustained carbonization of empty fruit bunch biomass in a pilot scale reactor (30 kg 
capacity) at different particles sizes (100-150, 30-99 and less than 29 mm) was evaluated. For 
self-sustained carbonization with natural exhausted gas flow rate, the maximum temperatures 
ranging 417-580 oC at all particle sizes were tested and found to be suitable for biochar 
production. The average concentration of CO2, CO and CH4 released during the carbonization 
process were between 2.8-4.1, 0.38-0.51 and 0.17-0.26 %, respectively.  For self-sustained 
carbonization with fixed exhausted gas flow rate, the maximum temperatures were slightly 
similar when compared to self-sustained carbonization with natural exhausted gas flow rate 
which was between 493-564 oC at all particle size tested. The average concentration of CO2, CO 
and CH4 released during the carbonization process were between 3.65-5.59, 0.56-0.72 and 0.29-
0.39 %, respectively. SO2 and HCl were not detected while NOx and particulate matter, (PM10) 
viii 
 
were well below permitted level set by the Department of Environment, Malaysia for both 
natural and fixed exhausted gas flow rate. Gaseous pollutant in this study can be considered low 
and the self-sustained carbonization process was environmental friendly when compared to other 
studies using same palm oil biomass carbonization. 
In the third chapter, the effect of exhausted gas flow rate and OPEFB biomass particle 
sizes on biochar yield and quality in a pilot scale (30 kg capacity) reactor under self-sustained 
carbonization were evaluated. For self-sustained carbonization with natural exhausted gas flow 
rate, harvesting carbonization temperature of < 500 oC of OPEFB biomass at the particle size 
ranging from 100-150 mm produced the highest biochar yield and CV between 23-25 % and 
22.6-24.7 MJ/kg, respectively. The carbonization retention time was between 790-893 min and 
less compared to other particle sizes tested. This particle size, without further size reduction, is 
needed to reduce the energy requirement at production line. For self-sustained carbonization 
temperature with fixed exhausted gas flow rate, the OPEFB biochar yield at particle size 100-150 
mm produced the highest yield (25-27 %), harvested at carbonization temperature of < 500 oC 
compared to other particle sizes in the same condition. Moreover, this yield was also high as 
compared to self-sustained carbonization with natural exhausted gas flow rate. The CV were 
found between 23.0-24.4 MJ/kg which were also comparable with other studies. The 
carbonization retention time between 280-462 min were found less when compared to natural 
exhausted gas flow rate which contributed to high yield. More consistent result can be achieved 
under self-sustained carbonization temperature with fixed exhausted gas flow rate but energy 
required from the usage of exhaust gas blower. In this study, as the carbonization harvesting 
temperature decreased, the biochar yield decreases, the carbonization retention time increased.  
ix 
 
In the fourth chapter, self-sustained carbonization of pressed-shredded and whole bunch 
OPEFB in large scale pool type reactor (3000 kg) from the development of YAMASEN oven 
(Shimane) were successfully adopted and tested. The pressed-shredded OPEFB was found 
suitable to be carried out under an open carbonization system while closed carbonization system 
was preferable for whole bunch OPEFB. The maximum self-sustained carbonization temperature 
were ranged 583-695 oC for pressed-shredded and bunch OPEFB biomass. In terms of CV, large 
scale biochar production for open and closed system under self-sustained carbonization produced 
in between 21.9-24.3 and 19.6-22.9 MJ/kg, respectively which is comparable to small scale 
biochar production. 
In the fifth chapter, the energy balance and potential energy saving of raw and biochar 
OPEFB (pressed-shredded and whole bunch) in a scaled-up pool type self-sustained 
carbonization reactor (3 tones capacity) was evaluated. The ratio energy output/input for pressed-
shredded biochar, whole bunch biochar and raw pressed-shredded OPEFB briquette were 
positive which were 12, 15 and 8 respectively. Whole bunch biochar is still the highest ratio 
energy output/input biochar production although without pressed-shredder machine process step 
resulting in more energy produced than energy consumed. Briquetting raw pressed-shredded 
without carbonization process step also showed viable energy produced, however drying step 
with moisture below than 10 % is required.  
In conclusion and remarks, the self-sustained carbonization was successfully 
materialized, producing high yield and comparable CV in a small scale followed by scaling-up 
production of OPEFB biochar. This proposed system is preferable to the industry due to its 
simplicity, ease of operation and low energy requirement. 
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CHAPTER 1.0: INTRODUCTION AND LITERATURE REVIEW 
1.1 Introduction 
Fossil fuel is essential as it meets most of the usage of global demand. However, the 
depletion of this source of energy has become a serious concern especially on continuous supply. 
A serious concern about increasing petroleum prices is also due to increasing of the global fuel 
consumption. According to the BritishPetroleum (2010), global primary energy consumption like 
petroleum, coal, natural gas, nuclear and hydropower has increased from 6630 million tons of oil 
equivalent (Mtoe) in 1980 to 11164 Mtoe in 2010. Meanwhile, according to International Energy 
Agency, it is expected that a 53% of global energy consumption will increase  by the year 2030, 
which most of the source of energy consumed is from fossil fuel accounting about 88.9%, and 
crude oil, coal & natural gas accounting of 34.8%, 29.2% and 24.1% respectively (Ong et al., 
2011). Like many other developing countries, Malaysia has no exemption on energy demand 
problems. As being one of the fast industrializing countries in Asia, electricity demand in 
Malaysia is expected to keep rising up in order to sustain its gross domestic product (GDP) 
growth at an average rate of over 5.7% for the past 6 years (Ong et al., 2011). According to 
National Energy Balance  (NEB) Malaysia, it is estimated that energy consumption in Malaysia 
has increased 200% from 20 mtoe in 1990 to 64 mtoe in 2008 (Ong et al., 2011). With future 
energy demand expected to grow in 20 years’ time from now especially for Malaysia to become 
a developed country by the year 2020, energy security is becoming a serious issue as fossil fuel 
is a non-renewable energy source and its depletion is on the rise. Thus, serious shortage of 
2 
 
energy from fossil fuel is the major factor to find alternative energy as sustainable energy 
sources. 
Renewable energy is a sustainable energy source required as an alternative to fossil fuel in 
the near future usage. Renewable energy can be cultivated from natural processes that do not 
involve the consumption of exhaustible resources such as fossil fuel and uranium. The energy 
obtained from solar, mini hydropower, wind, geothermal and biomass are known as renewable 
energy sources. Among those renewable energy sources mentioned, energy from biomass can be 
considered as a source with the highest potential to contribute to the energy demand for an 
industrialized and developing country like Malaysia. Malaysia is one of the countries which is 
actively involved in agriculture and forestry sector, where by product from processes involved in 
the sectors are produced are abundantly. Potential energy stored in solid wastes particularly 
biomass can be used either directly or converted into a more valuable and usable forms of 
energy.  
Among the primary fossil fuel energy sources which are most abundantly available, coal is 
always expected to be the cheapest source of energy. In USA and China, coal plays an important 
source of energy mix (co-firing) where coal is their main source of fuel (Ong et al., 2011). 
Currently, about 2.5 billion ton of coals are consumed annually in the entire globe (Demirbaş, 
2003). However, it is foreseen that the usage of coal is expected to declining in eastern countries 
but increasing in Asia especially in developing countries (Tillman, 2000). The usage of coal as 
energy source had been shifted substantially over time, where once widely used in all sectors of  
the economy  especially in electricity generation, and now in few key industrial sectors such as 
steel, cement and chemical (Demirbaş, 2003).  
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In Malaysia, coal contributes about 8.8% to the energy mix in 2000 and there is only increase 
in demand in recent years (Rahman Mohamed and Lee, 2006). Coal demand in Malaysia is 
rising, with 15 million tons in 2008 to 19 million tons by the year 2010. The huge coal reserves 
in Malaysia is located in the state of Sarawak which account for more for than 80%  followed by 
Sabah (18.5%) and only 1.5% in Peninsular Malaysia. However, most of the coal is imported 
from Indonesia, Australia and China (Ong et al., 2011) to meet local demand especially for 
power generation and industrial sector such as cement plants, iron and steel. Due to declining 
number of tons Malaysia’s coal reserve as well as for the security of the supply of this cheapest 
source of energy, an extreme measure is needed thus, the usage of oil palm empty fruit bunch 
(OPEFB) biomass to produce biochar can be considered as a potential renewable energy source 
to meet the shortage of local supply, reduce coal import as well as a long term source of energy.  
A continuous emission of air pollutant accompanying fossil fuel combustion especially coal 
is still a serious issue including the concern on climate change. Among these pollutants are 
oxides of sulfur (SOx) and nitrogen (NOx), which lead to acid rain and ozone depletion. In 
addition, greenhouse gases emission (CO2,CH4 etc) have also become a global concern (Sami et 
al., 2001). Thus, few studies have shown that burning biomass without fossils has a positive 
impact both on the environment and economics of power generation (Demirbaş, 2003).  Biomass 
absorbs carbon dioxide during growth, and emits it during combustion and this will helps 
atmospheric carbon dioxide recycling and does not contribute to the greenhouse effect. The 
utilization of biomass as a biofuel with low sulphur and nitrogen content will result in less 
environmental pollution and fewer health risks than fossil fuel combustion. The application of 
biofuel helps to reduce the problem of gaseous pollutants emissions and their climate impact, 
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particularly on issues related to greenhouse gases or global warming (Rousset et al., 2011). 
According to Demirbaş (2003), co-firing of biomass (wood) with coal has reduced the emission 
of NOx and fossil COx as well as fuel cost. Co-firing may also minimize waste and reduce soil 
and water pollution depending on the chemical composition of the biomass used. As to overcome 
environmental problems, OPEFB biomass could be considered either to be used as a co-firing 
combustion with coal or as a source of energy (biochar) alone. 
 
1.2 Objectives 
The overall goal of this research is to study the carbonization of OPEFB biomass under self-
sustained condition focusing on the biochar yield and quality. The research is also aimed at 
providing basic information on the processes as well as gaseous emission. The objectives of this 
study are as follows. 
 
1. To evaluate the temperature profiles and gaseous emission during self-sustained 
carbonization of empty fruit bunch biomass in a pilot scale reactor.   
2. To evaluate the effect of exhausted gas flow rate and OPEFB biomass particle size on 
biochar yield and quality under self-sustained carbonization in a pilot scale reactor.  
3.  To evaluate OPEFB biochar yield and quality in a scaled-up pool type reactor under self-
sustained carbonization.  
4. To evaluate energy balance and potential energy saving of raw OPEFB and biochar in a 
scaled-up pool type self-sustained carbonization reactor. 
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1.3 Literature review 
Biomass is one of the alternatives renewable energy due to its availability and can be 
cultivated everywhere especially in Malaysia. Biomass contributes around 10-15% which is 
approximately 45 EJ of world energy used currently (Demirbas et al., 2009). Several countries in 
Asia have established targets for the use of fuels produced from biomass as an alternative 
renewable fuel including Malaysia (Mahlia et al., 2001). Biomass can generally be classified into 
wood residues, agriculture residues (from crops and farm animals), process waste, dedicated 
energy crops and municipal solid waste (Easterly and Burnham, 1996; Sims, 2001). It is a 
primary candidate because of being the only renewable sources of fixed carbon, which is 
essential in the production of conventional hydrocarbon liquid transportation fuels and many 
consumer goods (Effendi et al., 2008).  
 
1.3.1 Biochar 
Biochar is a black intermediate solid residue formed from carbonization of biomass and it can be 
used as fuel in form of briquettes or as char-oil, char-water slurry and biochar (Sukiran et al., 
2011). It is a stable, homogeneous, clean, and high-caloric fuel (25–30 MJ kg-1). Furthermore, it 
is easy to grind thus requires less energy for pulverization (Yi et al., 2012). Biochar was 
recognized as a  preferable fuel like coal for combustion due to lower moist content, higher fixed 
carbon content and high heating value than raw biomass when used as a co-firing for coal or 
biomass (Yi et al., 2012). High heating value or calorific value is the main indicator to measure 
the energy content in biochar for fuel purposes. The calorific value can be defined as the amount 
of heat release (unit weight or volume) of substance during complete combustion in MJ/kg. The 
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calorific value is more correlated with the carbon content in biochar which means that higher 
carbon will show significantly higher calorific value. There are many advantages of biochar as a 
fuel especially when comes to the sustainability. Table 1.1 shows the advantages of biochar as a 
fuel over available fossil fuel. 
Table 1.1 Advantages of biochar over fossil fuel (Sukiran et al., 2011; Islam et al.,2005; Yi et 
al., 2012) 
Biochar1 Fossil fuel  
Renewable energy (from biomass) Non – renewable energy 
Continuous energy supply (replanted) Depletion and finish 
Produced through simple slow carbonization 
(much simpler) 
Complicated process 
Low capital cost High capital cost 
Equivalent quality  (high calorific value) 
especially than raw biomass 
High quality fuel (high calorific value) 
Stable and homogeneous Depend on fuel properties 
Easy to grind requires less energy for 
pulverization 
Depend on fuel 
Environmental friendly Not environmental friendly 
Preferable fuel like coal for combustion 
especially co-firing with coal/biomass or used 
as its alone 
Used as its alone 
Other product i.e Activate carbon (filtration) or 
fertilizer 
Limited value added product 
 
Biochar is a renewable energy resource with great importance over secure energy supply 
and  protection of the environment (Xu et al., 2011) largely available and some are underutilized. 
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Besides fuel, other uses of biochar are to improve soil productivity and can be upgraded to 
produce activated carbon used in purification processes  (Sukiran et al., 2011) making biochar a 
promising sustainable fuel and other value added product component. The production of biochar 
involving carbonization or carbonization process, where the organic material (i.e biomass) is 
heated in the absence or inadequate O2 at certain temperature. Besides biochar, other component 
such as bio-oil (condensed vapor) and non-condensable gases (i.e CO2, CO, CH4) also can be 
produced. The general conversion of biomass into biochar can be simplified as below; 
 
Biomass Bio-oil (condensed vapor) + non-condensable gases + high char (solid fraction) 
         (Ronsse et al., 2013) 
The carbonization of organic matter consists of both simultaneous and successive reaction when 
organic matter is heated in a non-reactive atmosphere. At a temperature of 350 -550 oC, organic 
matter will undergo thermal decomposition and temperature will rise to 700 – 800 oC in the 
absence of air/oxygen (Jahirul et al., 2012). Figure 1.1 shows relative proportion of the end 
product after the carbonization of biomass (wood) where in the first path, the primary 
decomposition reaction to produce biochar and non-condensable gases happen followed by 
cracking and condensation of bio oil and  re-polymerization that take place after weeks/months 
(Venderbosch and Prins, 2010).  
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Figure 1.1 Representation of the reaction paths for biomass carbonization (Venderbosch and 
Prins, 2010) 
 
Cellulose is the dominant component of most biomass and serves as a representative model 
compound for stoichiometric equation simplified as below; 
C6H10O5                    3.74C + 2.65H2O +1.17CO2 + 1.08CH4   (1) 
        (M. J. Antal and M. Grønli, 2003) 
Equation 1 shows are unchanged when the exact C,H, and O compositions of particular biomass 
species are employed in the thermochemical equilibrium calculations. To produce more biochar, 
the C component must increase while O should be lowered while H converted to H2.  
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1.3.2 Carbonization or pyrolysis 
The production of biochar involving carbonization or also known as pyrolysis process, where the 
organic material (i.e biomass) is heated in the absence or inadequate O2 at certain temperature 
(Adam, 2009; Sukiran et al., 2011). Carbonization or pyrolysis can be categorized into 3 
different types namely slow pyrolysis, fast pyrolysis and high temperature or gasification 
(Ronsse et al., 2013). Slow pyrolysis requires a temperature range of 400–600 °C and generally 
produces more biochar but not suitable for good quality bio-oil production. Cracking of the 
primary product in the slow pyrolysis process occurs due to high residence time and could affect 
bio-oil yield (Jahirul et al., 2012). Fast pyrolysis take place in a temperature of above 700 °C and 
produce the yield of liquid and gas fuel components but low biochar yield. Fast pyrolysis 
requires high heat transfer and heating rate, very short vapor residence time, rapid cooling of 
vapors and aerosol for high quality bio-oil yield and need precision control of reaction 
temperature. (Demirbas et al., 2002). High temperature pyrolysis also known as gasification 
happens in temperature more than 1000 oC. It is a promising process for primarily syngas 
production. The process involves rapid devolatilization in an inert atmosphere. 
 
1.3.3 Parameters affecting the quality and quantity biochar 
Carbonization process parameters such as temperature, residence time, heating rate, and 
feedstock particle size can affect the quality and quantity characteristics of the produced biochar 
and thus its interactions with the environment of its application (Agrafioti et al., 2013). The 
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design of the reactor is also important to achieve high thermal efficiency thus producing good 
quality of end product (Razuan et al., 2011). This section will discuss on how the parameters 
affecting the quality and quantity (yield) of biochar production. 
i. Biochar quality 
Biochar quality is always determined from its calorific value (CV) which is defined 
as an amount of heat release (unit wt or volume) of substance during complete 
combustion. The unit is MJ/kg. As high CV is obtained, a high amount of heat is 
released during complete combustion. For comparison of CV, bituminous coal which 
produce highest CV about 30 MJ/kg is used (Walter Emrich, 1985). Proximate and 
ultimate analysis which refer to carbon content is also correlated to CV. High carbon 
will produces high CV.  
ii. Biochar quantity 
Biochar quantity is referred to yield of biochar obtained after carbonization process. 
The unit measurement is in percentage (%). Detail calculation of yield is shown 
below; 
𝐵𝑖𝑜𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 (%) = (𝑊𝑡 𝑏𝑖𝑜𝑐ℎ𝑎𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑)/(𝑊𝑡 𝑑𝑟𝑦 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑢𝑠𝑒𝑑)  𝑥 100     
(Hooi et al., 2009) 
iii. Reactor design 
Reactor is a heart of carbonization process and subject of considerable research, 
innovation and development to improve (Jahirul et al., 2012). There are many types 
of reactor design available and each type has a specific characteristic, yielding 
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capacity and has its own advantages and limitations. Three most popular types of 
reactor are namely fixed-bed, fluidized-bed and bubbling-fluidized bed reactor. 
Generally in these reactors, the solid move down a vertical shaft and will be in 
contact with a counter-current upward moving product gas stream.  Figure 1.2 shows 
basic construction of a bubbling-fluidized bed reactor. 
 
 
Figure 1.2 Bubbling-fluidized bed reactor 
 
iv. Temperature 
Temperature has the largest effect on the quality of biochar (M. J. Antal and M. 
Grønli, 2003). According to Spokas et al., (2012), the  appropriate temperature for 
effective biochar production is between 300 -700 oC, which is within the slow 
carbonization process (Ronsse et al., 2013). At below 350 oC, free radical formation 
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and water elimination will happen. When temperature reaches between 350 – 450 oC, 
the breaking of glycosidic linkages of polysaccharide by substitution will take place 
and when above 450 oC, dehydration, rearrangement and fission of sugar unit happen 
(Jahirul et al., 2012). Above 600 oC, the lignin component of biomass starts to 
compost thus reduces the yield of biochar. More than 700 oC, biochar forms liquid 
and gases product.  
v. Particle size 
The particle size recommended for optimum biochar production is between 5 -50 mm 
for slow carbonization (Jahirul et al., 2012). Nevertheless, some research used 
pressed-shredded particle size between 30 – 150 mm (Bahrin et al., 2012; Ramli et 
al., 2002). For Nasrin et al., (2008), particle size less than 29 mm gives no significant 
effect on the calorific value (energy). However, many researchers use particle size < 1 
mm particle size for their lab-scale experiment (González et al., 2012; Hooi et al., 
2009; Razuan et al., 2011; Sugumaran P, 2009; Sukiran et al., 2011). 
 
 
vi. Retention time 
The retention time is time taken for carbonization process to produce biochar. 
According to Spokas et al., (2012), the appropriate retention time for good biochar is 
between min-hour. It is noted that for slow carbonization, high residence time will 
occur (Jahirul et al., 2012). However, based on previously study the retention time 
will depend highly on the reactor size i.e small (within minute), semi-scale (min –
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hour); large (hour-day) which. (González et al., 2012; Hooi et al., 2009; Razuan et al., 
2011; Sugumaran P, 2009; Sukiran et al., 2011). 
vii. Exhausted air flow rate 
Exhausted air flow rate is important for heat transfer via convection in the reactor (top 
to bottom) (Razuan et al., 2011). Previously studied from Rizuan et al., (2010), 28 – 
54 m3/hr is suitable for biochar production with high calorific value. 
viii. Heating rate. 
Heating rate is the rate of temperature increase per minute (oC/min). It can only be 
controlled when heater is used in the carbonization process.  It is suggested that the 
heating rate for different carbonization is as follows: 0.1-1 (slow carbonization); 10-
200 (Fast carbonization); > 1000 (High temp/Flash carbonization (Jahirul et al., 
2012). However, in this study, no heater will be used thus heating rate will not be 
considered for biochar production.  
 
 
1.3.4 Oil palm biomass 
In this study, oil palm biomass will be used for biochar production due to its largely 
abundance in Malaysia. The Oil palm biomass is among potential biomass sources which can be 
used as an alternative renewable energy source (Table 1.2). Being one of the largest producer 
and exporter of palm oil  (MPOC, 2014), the palm oil industry is currently expanding rapidly and 
yields large amount of poor utilized waste biomass.  As a developing agricultural-based country 
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that produces huge amount of biomass waste, Malaysia can emerge as a very good example to 
other countries in the world as a source of renewable energy producer (Shuit et al., 2009). 
Currently, Malaysia has approximately 434 palm oil mills in 2013 (MPOB, 2013). It was 
estimated that, 71.3 million tons of fresh fruit bunch per year has been processed and producing 
an estimated 19 million tons of crop residues annually in the form of OPEFB, fibre and shell 
(Sumathi et al., 2008). In 2013, oil palm fresh fruit bunches had increased to 95 million tons 
(MPOC 2013) and generated 21 million tons of OPEFB alone are produced annually (Talib et 
al., 2014). 
      
Table 1.2 Palm oil biomass components and potential energy generated (Shuit et al., 2009; 
Sumathi et al., 2008)  
       
Biomass components 
Quantity 
(million tons) 
Calorific 
value(kJ/kg) 
Potential energy 
generated (Mtoe)    
Empty fruit bunch 17 18838 7.65    
Mesocarp fiber 9.6 19096 4.37    
Shell 5.62 20108 2.84    
palm kernel 2.11 18900 0.95    
Total 34.63 76,942 15.81    
 
1.3.4.1 The oil palm tree 
The oil palm tree is a species from Elaeis guineensis jacq. It is categorized as a monoecious 
crop consisting both male and female flowers on the same tree.  The tree is a single-stemmed and 
can grow up to 20 m tall when came to mature palm (Figure.1.3a). The leaves can reach between 
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3-5 m long. Oil palm tree will start bearing fruits after 30 months of field planting and will 
continue to be productive for the next 20 to 30 years which provide continuous supply of oils. 
Each tree produces about 26 compact fresh fruit bunches (FFB) weighing between 10 and 25 
kilograms with 1000 to 3000 fruitlets per bunch. The fruitlet is dark purple, almost black and the 
color turns to orange red when ripe. Each fruit is almost spherical or elongated in shape made up 
of an oily, fleshy outer layer (the pericarp), with a single seed (the palm kernel), also rich in oil 
(Figure.1.3b). 
 
 
(a)          (b) 
Figure 1.3 (a) Oil palm tree; (b) Oil palm fruit (source; Ali, 2012) 
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1.3.4.2 Palm oil mill industry in Malaysia 
The oil palm was introduced to Malaysia (known before as Malaya) by the British in 
early 1870’s as an ornamental plant. This native plants had been originated of West Africa was 
then brought from the wild to become an agricultural crop. The first commercial planting of oil 
plam began in 1917 in Tennamaran Estate in Selangor, Malaysia. In early 1960s under the 
government’s agricultural diversification programme, the cultivation of oil palm had was carried 
out in a large scale to reduce the country’s economic dependence on rubber and tin. In the 1960s, 
to eradicate poverty for the landless farmers and smallholders the Malaysian government had 
introduced land settlement schemes under Federal Land Development Agency (FELDA) for 
planting oil palm. The oil palm planted area in 2013 has reached 5.23 million hectares producing 
the FFB yield at 19.02 tonnes per hectare. Total exports of oil palm products, consisting of palm 
oil, palm kernel oil, palm kernel cake, oleo-chemicals, biodiesel and finished products has 
increased to 25.70 million tonnes in 2013 accounting for RM61.36 billion export of national 
gross income; making it one the largest producer and exporter in the world (MPOB, 2013). 
Detail flowchart of the palm oil process is shown in  Figure 1.4 
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Figure 1.4 Flow chart of the palm oil process (Source: MPOC, 2014) 
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1.3.4.3 Oil palm empty fruit bunch (OPEFB) 
OPEFB is one of the by-products after oil palm fruitlet is removed from the FFB in oil 
palm processing (Figure 1.5a). About 23% OPEFB is produced per ton of fresh fruit bunch daily 
at the mill with no additional cost for collection (Omar et al., 2011). Part of the OPEFB biomass 
is subjected to size reduction to recover oil, producing pressed-shredded OPEFB biomass (Figure 
1.5b) and which reduce bulkiness for easier transportation.  
                      
(a)         (b) 
Figure 1.5 (a) OPEFB biomass and (b) Pressed-shredded OPEFB biomass 
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Figure 1.6  Utilization of palm oil waste (Source; EB, 2013) 
 
1.3.4.4 Available research study on carbonization. 
Biomass energy from palm oil waste especially empty fruit bunch is not something new 
especially in Malaysia. Several studies have been done on OPEFB potential to upgrade this 
abundantly available waste to value added fuels and renewable chemicals (Table 1.3). Abdullah 
et al., (2010) studied on the fast carbonization behavior of empty fruit bunch and the works were 
carried out on a fluidized bed bench reactor. The study focused on the impact of several key 
variables such as the reactor temperature in the range 400-600 oC, the residence time in the range 
of 0.79-1.30 s and a range of particles sizes 150-500 µm. The carbonization liquid produced was 
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separated into two phases, an organic and an aqueous phase. The ultimate analysis of the char 
produced was then determined (27% at 450 oC). However, the value for sulphur was not 
determined as there was very little sulphur in the EFB itself. Due to its high water content, the 
higher heating value of the aqueous phase was not determined. The short communication 
confirms the shape of the yield curves for EFB by observing char, gas, reaction water and 
organics indicated significant difference when comparing the literature values for yield with the 
result obtained in that study.  
  Abdullah and Gerhauser, (2008), studied on the bio-oil derived from empty fruit bunches 
using 150g/h fluidized bed bench scale on the impact of several key variables such as reactor 
temperature in the range 425-550 oC and the feedstock ash content in the range 1.03-5.43 wt%. 
The liquid products were analyzed and compared with wood derived bio-oil and petroleum fuels. 
The study found that the maximum ash content of washed feedstock that still yields homogenous 
liquid was less than about 3 mf wt% and washed OPEFB had lower ash content as similar yields 
commonly obtained for wood. According to Razuan et al., (2010) based on the study on 
carbonization and combustion of oil palm stone and palm kernel cake in fixed bed reactors at 
combustion temperature of 500 oC and 700 oC, it was reported that the char yield obtained from 
OPS were lower compared to those produced from the PCK. However, the gas yield from the 
OPS were higher. When the final temperature of the carbonization process was increased from 
500 to 700 oC, the char yield has decreased slightly due to further devolatilisition of the residual 
volatile matter in char. 
Hooi et al., (2009) on study on characterization of bio oil: A by product from slow 
carbonization of oil palm OPEFB has reported that 24.8% of OPEFB char was yielded with 
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62.3% of condensates as by products. The EFB was slowly pyrolysed with internal heating at 
terminal temperature of 600 oC in a pilot kiln. The main product was the EFB char and the 
condensates from the emissions were separated into aqueous and tarry fractions (referred as EFB 
oil). No specific on the elemental, ultimate and CV analysis on char were mentioned. 
 Lua and Guo, (1998) studied on the preparation and characterization of char from extracted 
oil palm fibres consisted mainly of palm long fibres and small impurities of palm shells and palm 
stone particles. Carbonization of the extracted oil palm fibre was performed in a stainless-steel 
vertical reactor which was placed in a tube furnace. The study was conducted to investigate the 
influence of different operating parameters such as initial material size, inert gas flow rate, 
heating rate, carbonization temperature (450 to 950 oC), retention time and the properties of the 
pyrolysed char. The research found that increasing carbonization temperature has reduced the 
yield of char and the differences in char yields become lesser with increasing hold times as 
increasing volatiles were released. The experimental results showed that it was feasible to 
prepare chars with high BET surface areas from extracted oil palm fibre and it was also expected 
to improve their adsorption capability.  
Yan et al., (2005) studied on the effect of temperature on the distribution of gaseous 
products from pyrolyzing palm oil waste. The quality and quantity of obtained bio-fuel depend 
not only on the chemical composition of original of biomass but also on the reaction conditions 
such as carbonization temperature, particles size of biomass, heating rate, carrier gas, resident 
time and catalysts. Temperature gives the most effect on carbonization condition in the 
decomposition of biomass (Ateş and Işıkdağ, 2009) and several studies have been conducted 
over the last  couple of years to support this statement. It was found that the effect of the final 
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carbonization temperature has given significant effect than the heating rate and particle size on 
the product yields and composition. It was shown that the carbonization product components 
dramatically changed with temperature during this period. Based on these studies, the 
carbonization temperature has clearer influence on the product than the particle size and heating 
rate. 
Beside reaction condition, combustion method also has a significant effect on bio char 
production. Some laboratory scale reactor of charcoal production is inefficient because it 
produces low percentage of char yield. Meanwhile, the efficiency of traditional charcoal 
production methods is about 10%–22% (calculated on using oven-dry wood with 0% water 
content) (Adam, 2009). Therefore, retort technology has been introduced to increase the 
efficiency of charcoal production. Retort technology is a system where the biomass is placed in a 
large container (cylinder) and tightly closed. The smoke and wood gases are only allowed to 
leave through one controlled opening. When the container is heated to the right temperature, a 
chemical reaction (called carbonization) will begin that produces off heat and by products. 
Adam, (2009) studied on the improved and more environmental friendly charcoal production 
system using a low-cost retort–kiln (Eco-charcoal) and wood as biomass fuel has found out that 
the efficiency is approximately 30-40% and emissions to the atmosphere is reduced by up to 
75%. Another benefit is that the operating time for the retort kiln is much shorter which is about 
12 h (plus about 12 h for cooling). Retort technology is the standard method of production for 
industrial charcoal in western countries and some other countries in the world. The biomass 
which is normally been used for charcoal production is from woods and bamboos.  
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Based on the above literature review, most of the behavior of palm biomass combustion 
temperature is in the range of 500 to 900 oC and carried out in laboratory scale combustion 
technologies. All of those technologies carried out to produce char from OPEFB are using 
electrical sources or heating element. Moreover, low char yield percentage (less than 30%) and 
high gaseous emission pollutants is still a main concerns. This study strongly recommends the 
production of OPEFB biochar to be conducted in a semi-scale and scaling-up production under 
self-sustained carbonization temperature whereby oil palm biomass is combusted to provide the 
heat for carbonization in inadequate oxygen.  The temperature will only be monitored without 
being controlled with no involvement of electrical heating element for carbonization process. 
This system can be considered as an appropriate technology and is preferable to the industry due 
to its simplicity, ease of operation and low energy requirement which aims to produce more char 
yield, comparable CV value and low gaseous emission for sustainable renewable energy. 
 
.  
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Carbonization type 
Biomass source 
Combustion 
temperature 
(oC) 
Sample size 
Reactor 
capacity 
Exhausted air 
flow rate 
Retention 
time 
Calorific 
value 
(MJ/kg) 
Char 
yield 
(%) 
Reference(s) 
Two Fixed bed reactor 
oil palm stone 
char/palm kernel cake 
char 
500 -700 oC 6 - 10 mm 150 -200 g 
618 – 1484 
kg/m2 kg 
 92 min 27 - 28 18-30 
(Razuan et al., 
2010) 
Fluidized bed bench  
EFB char 450 
300-355 µm 
- - -  - 26 (Abdullah et 
al., 2010) EFB fibers 110 18.66 - - 18.66 - 
Pilot kiln EFB char 600 - - - - - 24.8 
(Hooi et al., 
2009) 
Kiln reactor Palm Kernel 400-600 - - - - - - (Elham, 2001) 
Tube Furnace 
palm long fibre, palm 
shells and palm stone 
850 0.5-1 - - 3.5 hrs - 29.5 
(Lua and Guo, 
1998) 
Fluidized bed bench  oil palm stone  850-950 5 mg - 
791-1187 
kg/m2 hr 
- - - 
(Razuan et al., 
2011) 
Microwaves 
carbonization 
EFB 600-900 - - - - 
Pitch-14, 
Branch-18 
- 
(Omar et al., 
2011) 
Fluidized bed 
carbonization 
EFB fibre 400 - 0.4kg - 2-5s  40 - 
(Xu et al., 
2011) 
Quartz fluidized fixed 
bed  
EFB fibre 300 91 – 106 um 2g - 10 min 42 - 
(Sukiran et 
al., 2009) 
Muffle furnace OPEFB 300-500 < 1.8 mm - - - 18.46 - 
(Sugumaran 
P, 2009) 
Fluidized fixed bed OPEFB 300-600 91 – 106 µm - - - 25.98 - 
(Sukiran et 
al., 2011) 
                    
Table 1.3 Current carbonization technologies for oil palm biomass and its biochar 
characteristics 
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1.4 Problem statement  
Due to rapid depletion of fossil fuel, many developed nations are now searching for 
alternative replacement energy for power generation (Menon et al., 2006). Biomass is now a 
promising feedstock as an alternative source for renewable energy. Currently, biomass 
contributes 10-15% of world energy use (Demirbas et al., 2009). It is a renewable source of fixed 
carbon, which is essential in the production of conventional liquid hydrocarbon transportation 
fuels and many consumer goods (Effendi et al., 2008). Being the second largest oil palm 
producer in the world, Malaysia has the potential to produce clean renewable energy from 
biomass. Currently, there are 434 palm oil mills in Malaysia (MPOB, 2013), producing an 
estimated 19 million tons of biomass residues annually in the form of oil palm empty fruit bunch 
(OPEFB), mesocarp fibre and palm kernel shell (Sumathi et al., 2008). Moreover, approximately 
23% OPEFBs alone per ton of fresh bunch is produced daily in the mill (Omar et al., 2011) and 
has no additional cost for collection. Some of these biomass were subjected to size reduction, 
such as pressed – shredded biomass to recover oil and to reduce the bulkiness for easier 
transportation. Current practice shows that only pressed fibers and shell are reused as fuel to 
generate steam and energy for palm oil mills requirement (Yusoff, 2006) and raw OPEFB is sold 
for mulching purpose.  
Compared to mulching, conversion of raw OPEFB into biochar can give 3.5 times higher 
prices when used as fuel for power generation (Anuradda Ganesh and Rangan Banerjee, 2001; 
Menon et al., 2006). Even though there is some report on the use of OPEFB to produce high CV 
biochar, the usage of electricity for heating during carbonization for easy temperature control 
would hinder biochar to be sold at a cheap price.  
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 The carbonization process with low temperature and low heating rate is an appropriate 
technology for a high biochar production (Demirbas, 2004). Higher heating value or CV is 
positively correlated with carbonization temperature (Hooi et al., 2009; Ronsse et al., 2013) as 
well as retention time, heating rate and material size (Abdullah and Sulaiman, 2013; Hooi et al., 
2009; Sugumaran P, 2009; Sukiran et al., 2011). Self-sustained carbonization, whereby oil palm 
biomass is combusted to provide the heat for carbonization in inadequate oxygen is preferable to 
the industry due to its simplicity, ease of operation and low energy. Furthermore, the production 
of OPEFB biomass to produce high calorific value has not been reported. Table 1.4 shows the 
advantages and disadvantages between available carbonization reactor using heater and brick 
reactor without heater (self-sustained) which is proposed in this study. 
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Table 1.4 Advantages and disadvantages between available carbonization reactor using heater 
and self-sustained carbonization brick reactor  
Carbonization/pyrolysis 
reactor 
 Available reactor Self-sustained brick reactor  
Advantages 
 Temperature easy to 
be controlled 
through heater 
 Even firing 
distribution (uniform 
heat transfer) 
 High carbon 
conversion 
 Good biochar quality 
and yield produced 
 Other bio-fuel can be 
produced (i.e bio-oil 
and bio-gas) 
 No electrical/heating 
element required  
 An appropriate 
technology 
 Process much simpler 
 Ease of operation 
  Low energy 
requirement.  
 Equivalent biochar 
quality and yield 
(originality). 
Disadvantages 
 Difficult to remove char 
 High cost (usage of heater 
or furnace) especially in 
large scale production 
 Only small size suitable 
 More energy required 
 Complicated production 
 Not ease operation 
  High maintenance.  
 Temperature difficult to 
control 
 Uneven firing 
 Need high skill handling 
 Only suitable for biochar 
production  
References 
(González et al., 2012; Hooi et al., 
2009; Razuan et al., 2011; 
Sugumaran P, 2009; Sukiran et 
al.,  2011; Harsono et al., 2013; )  This study 
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Therefore, in this study, the production of high calorific value of OPEFB biochar under self-
sustained carbonization was examined. 
 
1.5 Research methodology  
Stage 1: Sample collection and preparation 
Pressed, shredded and dried OPEFB biomass is obtained from Seri Ulu Langat Palm Oil Mill, 
Dengkil, Selangor, Malaysia. The samples are dried at room temperature for at least 1 week upon 
receipt to remove the residual moisture prior to the experiments. Sub-samples of OPEFB will be 
selected to determine the initial characteristic of raw OPEFB biomass. The pressed shredded 
OPEFB biomass will go through grinding process to obtain three different particle sizes. Detail 
sample preparation will be discussed in material and methods. 
 
Stage 2: Carbonization analysis 
Carbonization of OPEFB biomass is conducted in a pilot-scale brick carbonization reactor (30kg) 
to find preliminary condition. Once the optimum conditions has been found, scale-up production 
of 3 tonnes carbonization of OPEFB will be carried out. Details 30kg and 3000 kg reactor 
dimension and figures will be discussed in in material and methods. The carbonization process 
will be conducted without suction blower (23 – 25 m3/h) and with suction blower (36 m3/h) 
during carbonization. Two different type of harvesting will be carried out namely without 
sprayed water (natural cooling, 30 oC) and with sprayed water (at < 300 and 500 oC). 
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Stage 3: Data analysis  
The samples of OPFB for each category at each temperature of carbonization are to be analyzed 
according to desired parameters. The initial parameters to be analyzed are proximate analysis 
(volatile matter, ash content, fixed carbon) by using thermogravimetric analyzer, calorimetric 
value using bomb calorimeter, ultimate analysis (carbon, nitrogen, hydrogen and oxygen) using 
CHNOS analyzer and biochar yield (sample weight after carbonization to its initial weight). 
Detail analysis will be carried out at the best quality of bio-char found. Detail sample analysis 
will be discussed in material and methods 
 
Stage 4: 3000 kg carbonization  
The final carbonization will be carried out using scale-up 3000 kg reactor. The carbonization 
combustion profile such as temperature, gaseous emission and biochar quality is to be 
determined. Detail carbonization process will be discussed in material and methods 
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1.3 Objectives 
 
 
 
 
 
 
 
 
 
 
Pressed- shredded OPEFB Collection 
Dried under roofed shed (at least 1 week) 
30 – 99 mm < 29  mm 
Characterization   
Grinding  
100 - 150 mm 
Carbonization in a pilot scale (30 kg) reactor 
under self-sustained  
Natural exhaust gas flow rate 
arte   
Fixed exhaust gas flow rate 
54 m3/hr 36 m3/hr 16 m3/hr 23 – 25 m3/hr 
Carbonization in pool type 
(3000 kg) reactor under 
self-sustained with sprayed 
water 
 (Modified from Yamasen 
oven) 
Sprayed water Without sprayed water  (natural cooling) 
< 300 oC < 500 oC 30 oC (natural cooling) 
Dried under sunlight ( 2 -3 days) 
Biochar samples analysis 
Research Methodology Chart 
31 
 
CHAPTER 2.0: TEMPERATURE PROFILES AND GASEOUS EMISSION DURING 
SELF-SUSTAINED CARBONIZATION OF OPEFB BIOMASS IN A PILOT SCALE 
REACTOR (30 KG CAPACITY). 
 
2.1 Introduction 
In this study, biochar production under self-sustained carbonization from OPEFB biomass 
was proposed and tested at pilot scale carbonization reactor (30 kg capacity), whereby oil 
palm biomass is combusted on its own to provide the heat for carbonization in inadequate 
oxygen without electrical heating element. Two exhausted gas flow rate have been tested i.e 
1. Natural exhausted gas flow rate and 2. Fixed exhausted gas flow rate. In this chapter, the 
objective is to evaluate the temperature profiles and gaseous emission during self-sustained 
carbonization of OPEFB in a pilot scale reactor (30 kg capacity). 
. 
2.2 Materials and methods 
2.2.1 Raw OPEFB biomass preparation 
Pressed, shredded and dried OPEFB biomass was obtained from Seri Ulu Langat Palm Oil 
Mill, Dengkil, Selangor, Malaysia. The particle size of pressed-shredded OPEFB biomass 
was 100-150 mm. The samples were pulverised and sieved into a half range of 30-99 mm and 
a quarter size range < 29 mm using a Sima FG 560 X 450 heavy duty grinder (Figure 2.1). 
The carbonization process for each particle size was run at least twice to ensure 
reproducibility.  
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Figure 2.1 Sima FG 560 X 450 heavy duty grinder 
 
2.2.2 Gaseous pollutant analysis methods 
The gaseous pollutants and particulate matter below 10 micro meters (PM10 ) were measured 
at the top of the reactor chimney using a gas analyzer (MRU Vario Plus, Germany) (Figure 
2.2) and Thermo pDR-1500 particulate concentration analyzer (Figure 2.4)  at every 30 
minutes and also 1 meter away from the chimney 
 
Figure 2.2 Gas analyzer 
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Figure 2.3 Air flow meter 
 
Figure 2.4 Thermo pDR-1500 particulate concentration analyzer  
2.2.3 Analytical methods 
Prior to the carbonization process, a standard analytical test was done on the raw OPEFB. 
The thermal characteristics of dry OPEFB samples were analyzed with a computerized 
Perkin-Elmer Pyris 1 thermogravimetric analyzer. Thermogravimetric analysis (TGA) was 
performed under heating rate of 10oC/min from 50 to 600oC. Nitrogen gas was used as the 
carrier and the sample used was about 5-10 mg. The analysis was carried out to determine 
moisture and volatile matter in the OPEFB sample.  
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The ash content was determined following the standard method described by Nordin 
et al. (2013). Samples were heated in the furnace at 550 oC for two hours and cooled in a 
desiccator. The samples were dried at 105 oC overnight prior to being analysed. The fixed 
carbon content was calculated by obtaining the difference. 
The ultimate analysis of Carbon (C), Hydrogen (H) and Nitrogen (N) content in 
OPEFB were determined using the CHNS/O Analyser (LECO CHNS932, USA). 
Approximately 2000 mg of very fine dried OPEFB were placed in a tin capsule and crimped. 
Three types of crimped capsules were placed in the auto sampler of the CHNS/O analyser 
namely sulfamethazine OPEFB sample and blank as a standard. The temperature of the 
analyser oxidation was set at 1000 oC. A program ran the analysis automatically and the 
results were given in percentage. The oxygen content was calculated by obtaining the 
difference. The chemical structure analysis (cellulose, hemicellulose and lignin content) in 
the OPEFB sample was analyzed via acid detergent fiber (ADF), neutral detergentfiber 
(NDF) and acid detergent lignin (ADL) methods analyses.  NDF determination was carried 
out using both Hot and cold extraction unit and neutral detergent solution. ADF also carried 
using same extraction unit but different detergent (acid detergent solution). ADL analysis was 
carried out by using residues from ADF analysis with 72% H2SO4 (15 oC). The percentages 
of cellulose, hemicellulose and lignin were calculated using the equations below: 
Cellulose (%) = ADF – ADL  (1) 
Hemi-cellulose (%) = NDF –ADF  (2) 
Lignin (%) = ADL  (3) 
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The CV of raw OPEFB and biochar were determined using a Parr 1261 bomb 
calorimeter (No. 242M). The main elements obtained from raw OPEFB and biochar were 
analysed using inductive coupled plasma-optical effluent spectrophotometer (ICP-AES, 
model: Perkin Elmer 2100). About 1 - 2 grams of the samples was first placed in the furnace 
at temperature gradually to 300 oC until smoke ceased and was raised up to 500 oC and 
continued at this temperature until a white or greyish-white ash was obtained. The sample 
was then digested using concentrated hydrochloric acid (37% v/v) and nitric acid (20% v/v). 
 
2.2.4 Experimental set-up  
Carbonization of OPEFB biomass was conducted in a pilot-scale brick carbonization reactor, 
as shown in Figure 2.5 a) and b) .The reactor was built with double walls of clay bricks (1000 
mm x 1000 mm external dimension, 220 mm thick). The double walls of clay bricks were 
used to provide a natural insulation for the reactor (Adam, 2009). Approximately 30 kg of 
OPEFB was carbonized per batch of operation. The bed heights for the < 29 mm, 30-99 mm 
and 100-150 mm particle sizes were 0.25 m, 0.40 m and 0.51 m, respectively. After the 
OPEFB sample was fed into the reactor, the fire was started manually at the top of the reactor 
using a portable propane gas burner for approximately 3 to 5 min. The cover of the reactor 
was then closed completely, and the carbonization temperature was self-sustained on its own 
using OPEFB biomass as the fuel. All parts of the reactor, especially the stainless steel cover, 
were closed tightly to avoid any entrance of oxygen. The temperatures inside the reactor were 
monitored using three  k-type thermocouples positioned at different heights from the bottom 
of the reactor, i.e., T1 (0.46 m), T2 (0.25 m) and T3 (0.04 m). The exhausted gas flow rate 
was examined under uncontrolled where it discharged naturally through chimney. For 
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controlled exhausted gas flow rate where the exhausted gas flow rate was fixed, blower was 
used to increase the exhausted gas flow rate by opening valve 1 while valve 2 was at close 
mode. However, if the gas (smoke) flow is discharged naturally without blower, valve 2 will 
be opened while valve 1 will be closed and at the same time the chimney inside the reactor 
was heated at the bottom of the reactor to introduce more pressure so it will suck the 
exhausted gas naturally. A tray was installed 0.02 m from the bottom, so there is an empty 
space at the bottom of the reactor to circulate smoke before it can be discharged through the 3 
m chimney. The temperatures were automatically recorded every 60 seconds using a data 
logger. The carbonization time was recorded once the carbonization temperature at T2 
reached 300oC (Spokas et al., 2012).  
 
 
 
 
 
 
 
 
 
Figure 2.5 a Schematic diagram of the pilot-scale brick self-sustained carbonization reactor 
  
  
Hock 
T1 
T2 
T3 Data logger 
Stainless steel plate 
Steam collection 
  
Gas analyser 
Tray 
Brick stones 
Suction blower 
Valve 2 
Valve 1 
Valve 
3 
Chimney 
Valve 4 
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The gas emission from the carbonization process was discharged through an upward stainless 
steel chimney pipe that was 0.07 m in diameter, and the exhausted gas flow rate was 
measured using an air flow meter (Figure 2.3). The exhausted gas and particulate matters 
were sampled on the top of the chimney of the reactor and valve 4 respectively. The 
carbonization for each batch of the experiment was stopped using sprayed water once the 
temperature of the bed at T3 decreased to below 300oC. Pyro ligneous liquors sample were 
obtained by opening valve 3. The biochar product was removed from the reactor and dried to 
achieve moisture content below 5%. The dried biochar was weighed for a yield calculation 
and was analyzed for CV. The carbonization process for each particle size was run at least 
twice to ensure reproducibility. The CV obtained in this study refers to higher heating value 
(HHV) of OPEFB biochar. The CV values of raw OPEFB and biochar were analyzed from 
three to five times, from five different locations in the reactor using a Parr 1261 bomb 
calorimeter.  
 
 
Figure 2.5 b The pilot-scale (30 kg) brick self-sustained carbonization reactor 
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2.3 Result and Discussion  
 
2.3.1 Effect of the OPEFB particle size under self-sustained carbonization on the 
temperature profile - Natural exhausted gas flow rate.  
 
From Figure 2.6 (a) - (c), the temperature profiles measured at different OPEFB particle sizes 
with natural exhausted gas flow rate. Although three (3) thermocouples were used to monitor 
the temperature at different positions (top, middle and bottom) in the reactor throughout the 
tests, only temperatures at the middle and bottom were found necessary to represent the 
reactor temperature in the reactor due to different heights of bed material. Each temperature 
was taken from average of at least 2 runs of carbonization process. The temperature in the 
reactor gradually increased moments after the fire was introduced for all three particle sizes. 
The minimum carbonization start time, measured after the temperature reached 300 oC which 
according to Spokas et al., (2012), the carbonization starts. The particle size did not influence 
the maximum temperature, and the average maximum temperature was found to be in the 
range of 417-580 oC in all tests.  Generally the temperatures increased as combustion moved 
towards the bottom of the reactor as shown in the all figures, with thermocouple 2 (middle) 
reaching high temperature followed by thermocouple 3 (bottom) . 
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(a) 100- 150 mm 
 
 
(b) 30 – 99 mm 
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    (c) Less than 29 mm 
 
Figure 2.6 Temperature profiles of OPEFB biomass with natural exhausted gas flow rate at 
different particle sizes; (a) less than 29 mm, (b) 30 – 99 mm and (c) 100 – 150 mm 
 
It is obvious that the particle size influenced the carbonization time period. As the 
particle size decreased, the carbonization retention time increases. This was due to the 
arrangement of the particle size effecting the hot air distribution in the reactor. Large particle 
size in the reactor shows loosely packed arrangement due to non-uniform particle size in the 
reactor, thus hot air easily passed through between the particle and faster hot air distribution. 
For smallest particle size, < 29 mm, the arrangement was tightly packed with the OPEFB 
biomass, thus was difficult for hot air difficult to pass between the particles, this it will take 
long time of hot air distributed in the reactor before discharged. The average carbonization 
temperatures were between 300 - 580 oC for all experiments which is an appropriate 
condition to produce biochar. According to Spokas et al. (2012), temperatures ranging from 
41 
 
300-700 oC and long residence times, from minutes to hours, are suitable for good biochar 
production. In this study, the residence time ranged from 900-1900 min. However, long 
carbonization retention time process will did not gave better yield and quality of biochar. 
Moreover, the inconsistent carbonization temperature may have cause the low 17 % biochar 
yield in this study compared to other studies, and this is in an agreement with Sugumaran P, 
(2009) who obtained deceasing OPEFB biochar yield as temperature of carbonization 
increased to 400 oC. Therefore, it is recommended to shorten the carbonization retention time 
in order to increase the yield and CV of biochar especially in real large scale capacity.  
 
Figure 2.7 Comparison of average temperature profiles during self-sustained carbonization 
of OPEFB biomass with natural exhausted gas flow rate at different particle size 
The particle size also affected the natural exhausted gas flow rate condition. Figure 2.8 shows 
the comparison of average exhausted gas flow rate (m3/hr) profiles during self-sustained 
carbonization of OPEFB biomass with natural exhausted gas flow rate at different particle 
size. Particle size 100 – 150 mm and 30 -99 mm, exhausted gas flow rate profiles did not 
showed any major different. At first 500 min carbonization, the exhausted gas flow rate for 
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both particle size increasing. More 600 min carbonization, the exhausted gas flow rate was at 
high peak and keep consistent due to high temperature carbonization occurred at that 
particular time. It was estimated that the average of exhausted gas flow rate from beginning 
until end of experiment was 20 m3/hr for both 30 -99 mm and 100 – 150 mm particle size. 
For smallest particle size ( < 29 mm), low exhausted gas flow rate  occurred around 18 m3/hr. 
 
Figure 2.8 Comparison of average exhausted gas flow rate (m3/hr) profiles during self-
carbonization of OPEFB biomass with natural exhausted gas flow rate at different particle 
size 
 
2.3.2 Effect of the OPEFB particle size under self-sustained carbonization on the 
gaseous emission concentration - Natural exhausted gas flow rate. 
Table 2.1 shows the average gaseous pollutant emissions concentration obtained from 
the carbonization at different particle size of < 29 mm, 30-99 mm and 100-150 mm OPEFB 
biomass under self-sustained carbonization with natural exhausted gas flow rate , measured 
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the moment the smoke was released from the chimney. It was found that the dominant 
gaseous pollutants in this study were CO2, CO, NO and CH4, in agreement with Yan et al. 
(2005), based on their study on carbonization of palm oil wastes at temperature range 200-
1200oC. The finding was similar to the carbonization of wood using improved charcoal 
production system in a traditional kiln which produced CO2, CH4 and other active species 
such as NOx (Adam, 2009). It was found that the average concentration of CO2, CO and CH4 
released during the carbonization process in this study was between 2.8 – 4.1, 0.38 – 0.51 and 
0.17 – 0.26 % respectively for all particle size tested. Generally, as particle size increased, the 
average concentration CO2, CO and CH4 increases. This due to the average maximum 
temperature where at different particle gives different maximum temperature. High 
temperature occurred at large particle size produced almost complete carbonization thus 
release more gaseous emission than smallest particle size. 
The release of NOx was from the conversion of nitrogen from the OPEFB char during 
the combustion process (Liang et al., 2008; Nussbaumer, 2003). As particle size increased, 
the average concentration of NOx decreases and this is in agreement with Lee and co-worker, 
(1979).The sulphur dioxide (SO2) and hydrogen chloride (HCl) were not detected in this 
study. This is in agreement with the study by Adam (2009) where no emission of SO2 and 
HCl were reported. Moreover, conversion of sulphur into SO2 could only occur with 
carbonization temperatures above 1200 oC (Hyung-Taek and Chun, 1998), while in this study 
the maximum temperature was below 600 oC.  Razuan et al. (2010) also reported that SO2 
and HCl concentrations were lower than 0.05 ppm under controlled temperature and 
exhausted gas flow rate . In this study, the NOx, SO2 and HCl values were much lower than 
permitted level limits of air pollution emissions for incineration of municipal solid wastes 
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(MSW) at 300 mg/Nm3 set by Department of Environment (DOE), Malaysia (Department of 
Environment (DOE), 2000). Smaller particle size also contributed to lower NOx and CH4 
(Hyung-Taek and Wongee Chun, 1998). The release of CH4 was from the conversion of 
methanol from OPEFB biochar as previous reported by (Kamarudin et al., 2013).  
From Table 2.3, the average PM10 released from the chimney was between 206-570 
mg/m3, which was below the permitted level under environmental quality (clean air) 
regulations 1978, part v - air impurities regulation 25, standard A (Department of 
Environment (DOE), 2000), i.e  not exceeding 600 mg/m3. Generally, particle size < 29 mm 
emitted less gaseous pollutants and particulate matters compared to particle size 30-99 mm 
and 100-150 mm. 
Table 2.1 The gaseous pollutant emissions concentration under self-sustained carbonization 
with natural exhausted gas flow rate. 
Particle 
size(mm) 
Average 
range 
temperature  
( oC) 
Average gaseous emission  
Particulate 
matter 
CO2 (%) CO (%) CH4 (%) 
SO2 
(ppm) 
HCl 
(ppm) 
NOx(ppm) 
PM 10 
(mg/m3) 
< 29 300 - 417 2.8 (±0.18) 0.38(±0.04) 0.17 (±0.03) ND ND 56 (±10.0) 213(±10) 
30 - 99 300 -560 3.4(±0.28) 0.52(±0.01) 0.26(±0.05) ND ND 53(±17.0) 559.5 (±3.5) 
100 - 150  300 -580 4.1(±0.33) 0.51(±0.06) 0.19(±0.01) ND ND 52(±14.8) 567.5(±3.5) 
Note: Oxygen content in the reactor during carbonization for all particle size between 7.7-8.6 % 
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2.3.3 Preliminary study on the self-sustained carbonization at different fixed exhausted 
gas flow rate. 
As discussed in methodology section in chapter 1, several fixed exhausted gas flow rate 
under self-sustained carbonization temperature have been tested to determine the highest CV 
at different particle sizes. The CV of the raw OPEFB and biochar carbonization products 
under different particle sizes and different fixed exhausted gas flow rate are shown in Figure 
2.9. From the preliminary results, it was found that the highest CV showed at exhausted gas 
flow rate of 36 m3/hr for particles size 100-150 mm (23.68 MJ/kg) followed by 30-99 mm 
(21.92 MJ/kg) and < 29 mm (17.25 MJ/kg). For exhausted gas flow rate  of 16 m3/hr, the CV 
could be consider better than raw OPEFB but lower than the exhausted gas flow rate of 36 
m3/hr for all particle size tested. However, the exhausted gas flow rate of 54 m3/hr, the CVs 
were below than 18 MJ/kg for all particle size tested. From this preliminary result, exhausted 
gas flow rate of 36 m3/hr will only be used for further analysis in terms of carbonization 
profiles, gaseous emissions, yield and quality of biochar. 
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Figure 2.9 CV of the raw OPEFB and biochar carbonization products under different particle 
sizes and exhausted gas flow rates. 
 2.3.4 Effect of the OPEFB particle size under self-sustained carbonization on the 
temperature profile – Fixed exhausted gas flow rate (36 m3/hr). 
Figure 2.10 (a) – (c) shows the temperature profiles measured at 36 m3/hr exhausted gas flow 
rate at different particle sizes, (a) 100 – 150 mm, (b) 30 – 99 mm and (c) less than 29 mm. 
The temperature pattern was quite similar with the graph for natural exhausted gas flow rate 
for all particle sizes. It was noted that the carbonization retention time for all particle size at 
36 m3/hr was less than natural exhausted gas flow rate. This due to the uniform exhausted gas 
flow of hot air distributed from top to the bottom of the reactor at all particle sizes sucked out 
by air suction blower. The O2 in in the reactor (8.2-8.7 %) shows slightly higher compared to 
natural discharge exhausted gas flow rate. Similarly, the temperature pattern happened for T2 
when exhausted gas flow rate was repeated at 36 m3/hr. The maximum temperature was 
reached up around 540 oC and was found to be maintained for long period of carbonization 
process for all particle sizes, which is suitable for targeting char production. 
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(a) 100 – 150 mm 
 
(b) 30 – 99 mm 
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(c) Less than 29 mm 
 
Figure 2.10 Temperature profiles of OPEFB biomass under self-sustained carbonization with 
fixed exhausted gas flow rate  (36 m3/hr) at different particle sizes; (a)100 – 150 mm, (b) 30 – 
99 mm and (c) less than 29 mm 
 
2.3.5 Effect of the OPEFB particle sizes under self-sustained carbonization on the 
gaseous emission concentration - Fixed exhausted gas flow rate (36 m3/hr). 
 
Table 2.2 shows the average gaseous pollutant emissions concentration obtained from the 
carbonization at different particle size of 100-150 mm, 30-99 mm and < 29 mm OPEFB 
biomass under self-sustained carbonization with fixed exhausted gas flow rate  at 36 m3/hr, 
measured the moment the smoke was released from the chimney. The average gaseous 
pollutant emissions concentration was slightly higher compared to the natural exhausted gas 
flow rate for all particle sizes. This is due to uniform exhausted gas flow rate discharged 
through the chimney sucked out by air blower which gave better combustion process. The 
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average concentration of CO2, CO and CH4 released during the carbonization process were 
between 3.65-5.59, 0.56-0.72 and 0.29-0.39 % respectively for all particle sizes tested. 
Sulphur dioxide (SO2) and hydrogen chloride (HCl) were not detected in this study due to 
carbonization temperature below 700 oC, since conversion of sulphur into SO2 could only 
occur with carbonization temperatures above 1200 oC (Hyung-Taek and Chun, 1998). Same 
pattern for NOx compared to natural exhausted gas flow rate whereby particle size increased, 
the NOx increases. The concentration of NOx, SO2, HCl and PM10 values were also lower 
than permitted level limits. Generally, particle size < 29 mm also emitted less gaseous 
pollutants and particulate matters compared to particle size 30-99 mm and 100-150 mm 
Table 2.2 The gaseous pollutant emissions concentration under self-sustained carbonization 
with fixed exhausted gas flow rate 
Particle 
size(mm) 
Average 
range 
temperature 
( oC) 
Average gaseous emission  
Particulate 
matter 
CO2 (%) CO (%) CH4 (%) 
SO2 
(ppm) 
HCl 
(ppm) 
NOx 
(ppm) 
PM10 
(mg/m3) 
< 29 300 - 493 3.65(±0.74) 0.56(±0.22) 0.29(±0.08) ND ND 73.0(±4.24) 236(±25.5) 
30 - 99  300 - 502 5.23(±0.78) 0.72(±0.05) 0.34(±0.05) ND ND 68.0(±7.07) 576(±8.49) 
100 - 150 300 - 564 5.59(±1.20) 0.72(±0.31) 0.39(±0.12) ND ND 28(±1.41) 584(±14.84) 
Note: Oxygen content in the reactor during carbonization for all particle size between 8.2-8.7 % 
 
2.3.6  Gaseous emission comparison with other studies 
Table 2.3 shows the comparison of gaseous pollutant components released from the 
carbonization of OPEFB biomass with other studies. The gaseous pollutant emissions from 
OPEFB carbonization biochar in this study can be considered low when compared to Razuan 
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et al. (2011) using same palm oil biomass. It was noted that, in this study, the carbonization 
without heater consumed less energy (Table 2.4) and environment friendly compared to other 
studies thus appropriate technology for palm oil mill industry. 
 
Table 2.3 The comparison of gaseous pollutant components released from the self-sustained 
carbonization of OPEFB biomass with other studies. 
 
(a)Environmental quality (clean air) regulations 1978, part v - air impurities regulation 25, standard A , Department of Environment (DOE), 
Malaysia 
(b)Air pollution emissions for incineration of municipal solid wastes (MSW), Department of Environment (DOE), Malaysia  
ND = Not detected during carbonization 
 
 
 
 
Average gaseous  emission 
concentration 
This study Razuan et al. (2011)  
 
Standard limit 
 
    
CO2 (%) 2.7-6.5 9.15 - 15.11 
300 mg/m3(a) 
CO (%) 0.35-0.9 0.08 - 0.19 
CH4 (%) 0.15-0.47 - 
SO2 (ppm) ND 0.02 - 0.05 
HCl (ppm) ND 0.02 - 0.03 
NO (ppm) 27-79 162 - 238 
    
PM10 (mg/m3) 250-562 - 600 mg/m3(b) 
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Table 2.4  The advantages of self-sustained carbonization of OPEFB biomass with other 
studies 
Analysis 
This study 
(An appropriate 
technology for 
industrial application) 
Razuan et al., 2011, Sukiran et 
al., 2011, Ronsse at al., 2013; 
Adam, 2009. 
(Fundamental study, lab scale) 
Energy required Low High 
Acid Gaseous  ( NOx, PM10, 
SO2 and HCl) 
Below permitted level Above permitted level  
CO2 CO and CH4 Low High 
Temperature (oC) 
300 – 600 
(Slow carbonization 
good for biochar 
production) 
300 – 1000 
(slow/fast carbonization favor 
bio-oil) 
 
 
2.4 Conclusion  
Under self-sustained carbonization with natural exhausted gas flow rate, whereby 
temperature and exhausted gas flow rate were monitored but not controlled, the maximum 
temperature were ranged 417-580oC in all tests which is suitable for biochar production. The 
average concentration of CO2, CO and CH4 released during the carbonization process in this 
study was between 2.8 – 4.1, 0.38 – 0.51 and 0.17 – 0.26 % respectively for all particle size 
tested, while SO2 and HCl were not detected at all particle size tested. The NOx and 
particulate matter, PM10 were between 41-63 ppm and 206-570 mg/m3 respectively, which 
were well below permitted level limits of air pollution emissions under the environmental 
quality (clean air) regulations 1978, part v-air impurities regulation 25, standard A set by the 
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Department of Environment. Particle size < 29 mm showed less gaseous emission 
concentration as well as PM10 compared to > 30 mm particle size. No major deference shown 
on gaseous emission concentration and PM10 between particle size 30-99 mm and 100-150 
mm. 
For self-sustained carbonization with fixed exhausted gas flow rate, the maximum 
temperature did not showed any different compared to natural exhausted gas flow rate  which 
were between 493-564 oC at all particle size tested. The average concentration of CO2, CO 
and CH4 released during the carbonization process were between 3.65-5.59, 0.56-0.72 and 
0.29-0.39 % respectively for all particle size tested, while SO2 and HCl were not detected at 
all particle size tested. The NOx and particulate matter, PM10 were between 29-70 ppm and 
218-594 mg/m3 respectively, which also below permitted level limits of air pollution 
emissions under the environmental quality (clean air) regulations 1978, part v-air impurities 
regulation 25, standard A set by the Department of Environment 
The gaseous pollutant emissions from OPEFB self-sustained carbonization biochar in 
this study can be considered low and the reactor is environmental friendly when compared to 
other studies using same palm oil biomass carbonization. 
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CHAPTER 3.0: THE EFFECT OF EXHAUSTED GAS FLOW RATE AND OPEFB 
BIOMASS PARTICLE SIZE ON BIOCHAR YIELD AND QUALITY UNDER SELF-
SUSTAINED CARBONIZATION IN A PILOT SCALE (30 KG CAPACITY) 
REACTOR.  
 3.1 Introduction 
Conversion of raw OPEFB biomass into biochar can give 3.5 times higher value when used 
as a fuel for power generation as compared for mulching purposes  (Anuradda Ganesh and 
Rangan Banerjee, 2001; Menon et al., 2006). Even though there is some report on the use of 
OPEFB to produce high CV biochar, the usage of electricity for heating during carbonization 
for easy temperature control would hinder biochar to be sold at a cheap price. The 
carbonization process with low temperature and low heating rate process is an appropriate 
technology for a high biochar production (Demirbas, 2004). Higher heating value or CV is 
positively correlated with carbonization temperature (Hooi et al., 2009; Ronsse et al., 2013) 
as well as retention time, heating rate and material size (Abdullah and Sulaiman, 2013; Hooi 
et al., 2009; Sugumaran P, 2009; Sukiran et al., 2011). Self-sustained carbonization to 
produce biochar using biomass feedstock with self-sustained combustion process without 
electrical heating source this study is unique due to its simplicity, ease of operation and 
reduced energy requirement. Beside that, it is also important in ensuring the sustainability of 
technology used in the large production. Moreover, particle size is also related to the yield 
produced and more energy required if more size reduction needed in the large scale 
production. In this chapter, the objective is to evaluate the effect of exhausted gas flow rate 
and particle size on biochar yield and quality from self-sustained carbonization of OPEFB at 
different harvesting carbonization temperature (retention time) in a pilot scale carbonization 
reactor (30 kg capacity). 
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3.2 Material and methods 
3.2.1 Analytical methods 
Prior to the carbonization process, a standard analytical test was done on the raw 
OPEFB. The thermal characteristics of dry OPEFB samples were analyzed with a 
computerized Perkin-Elmer Pyris 1 Thermogravimetric analyzer. Thermogravimetric analysis 
(TGA) was performed under heating rate of 10 oC/min from 50 to 600 oC. Nitrogen gas was 
used as the carrier and the sample used was about 5-10 mg. The analysis was carried out to 
determine moisture and volatile matter in the OPEFB sample.  
The ash content was determined following the standard method described by Nordin 
et al. (2013). Samples were heated in the furnace at 550 oC for two hours and cooled in a 
desiccator. The samples were dried at 105 oC overnight prior to being analysed. The fixed 
carbon content was calculated by obtaining the difference. 
The ultimate analysis of Carbon (C), Hydrogen (H) and Nitrogen (N) content in 
OPEFB were determined using the CHNS/O Analyser (LECO CHNS932, USA). 
Approximately 2000 mg of very fine dried OPEFB were placed in a tin capsule and crimped. 
Three types of crimped capsules were placed in the auto sampler of the CHNS/O analyser 
namely sulfamethazine OPEFB sample and blank as a standard. The temperature of the 
analyser oxidation was set at 1000 oC. A program ran the analysis automatically and the 
results were given in percentage. The oxygen content was calculated by obtaining the 
difference. The chemical structure analysis (cellulose, hemicellulose and lignin content) in 
the OPEFB sample was analyzed via acid detergent fiber (ADF), neutral detergent fiber 
(NDF) and acid detergent lignin (ADL) methods analyses.  NDF determination was carried 
out using both Hot and cold extraction unit and neutral detergent solution. ADF also carried 
using same extraction unit but different detergent (acid detergent solution). ADL analysis was 
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carried out by using residues from ADF analysis with 72% H2SO4 (15 oC). The percentages 
of cellulose, hemicellulose and lignin were calculated using the equations below: 
Cellulose (%) = ADF – ADL  (1) 
Hemi-cellulose (%) = NDF –ADF  (2) 
Lignin (%) = ADL  (3) 
The CV of raw OPEFB and biochar were determined using a Parr 1261 bomb 
calorimeter (No. 242M). The main elements obtained from raw OPEFB and biochar samples 
were analysed using inductive coupled plasma-optical effluent spectrophotometer (ICP-AES, 
model: Perkin Elmer 2100). About 1 - 2 grams of the samples was first placed in the furnace 
at temperature gradually increasing to 300 oC until smoke ceased and was raised up to 500 oC 
and before continuing at this temperature until a white or greyish-white ash was obtained. 
The sample was then digested using concentrated hydrochloric acid  (37% v/v) and nitric acid 
(20% v/v). 
The carboxylic acid in pyro ligneous liquors sample was determined using high-
performance liquid chromatography techniques (HPLC) Shimadzu, SD-10A UV-visible 
detector. The operation condition of HPLC is shown in Table 3.1 as bellows; 
Table 3.1  HPLC operation condition for carboxylic acid analysis 
Conditions Reversed-phase 
Support 8% cross link resin 
Detector 210 nm 
Solvents H2SO4 0.004M 
Column 300 mm x 7.8 mm 
Flow-rate 0.6 ml/min 
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3.3 Result and discussion  
3.3.1 Characteristic of raw OPEFB biomass 
The results of the proximate, ultimate, lignocellulose content and CVs of raw OPEFB are 
shown in Table 3.2. All values are within the literature range except for fixed carbon which 
was slightly higher. 
Table 3.2 Characteristic of raw OPEFB 
Analysis 
  
This study Literatures References 
Proximate (%, as 
received)a 
Moisture 8.31 (±0.28) 6.36 - 8.75 
(Abdullah and 
Gerhauser, 2008; 
Kerdsuwan and 
Laohalidanond, 
2010; Konsomboon 
et al., 2011; Law et 
al., 2007; Mohd 
Munzir, 2008; Omar 
et al., 2011; 
Sugumaran P, 2009; 
Sun et al., 1999; Xu 
et al., 2011) 
Ash 4.45 (±0.02) 2.8 - 7.54 
Volatiles 67.59 (±1.15) 67.5 - 83.86 
Fixed carbonb 19.65 8.6 - 18.3 
Ultimate (% dry, 
ash free)a 
C 44.03 (±1.0) 40.7 - 71 
H 6.4 (±0.16) 5.4 - 9.2 
Ob 47.75 10.6 - 47.8 
N 1.65 (±0.27) 0 - 4 
S 0.17 (±0.02) 0 - 1.2 
Lignocellulose 
content  (wt %) 
Cellulose 38.73 (±4.28) 23.7 - 62.9 
Hemi 
cellulose 19.55 (±2.51) 2.06 - 30.9 
Lignin 21.00 (±6.19) 14.2 - 29.2 
CV (MJ/kg)   17.74 (±1.40) 16.96 - 19.35 
aDry basis 
bBy difference 
 
57 
 
 
3.3.2 Proximate and ultimate analysis 
Figure 3.1 shows the TGA tests results for the thermal degradation of OPEFB. From 100 to 
150 oC, the weight loss was mainly due to moisture removal (Omar et al., 2011) in the 
OPEFB. The decomposition peaks were found at 200 oC and 320 oC and this finding was the 
result of cellulose and hemicellulose decompositions (Bridgeman et al., 2007). The maximum 
rate of the weight loss in the derivative thermogravimetric (DTG) curve occurred at 310 oC 
and this could have been the start of cellulose decomposition (Omar et al., 2011). At 
temperatures more than 320 oC, the weight loss decreased steadily due to liberation of 
hydrogen gas (Razuan et al., 2011). 
 
 
Figure 3.1 Thermal degradation behaviour of OPEFB sample by TGA and DTG. 
 
3.3.3 Elemental analysis 
Table 3.3 shows the main elementals obtained from the raw OPEFB.  All elemental found in 
this study is according to Razali et al., (2012) where the source of raw OPEFB was collected 
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from the same place (Seri Ulu Langat Palm Oil Mill, Dengkil, Selangor,Malaysia). High 
concentrations of potassium (K) and phosphorus (P) is due to usage of fertilizers which 
contain potassium nitrate (KNO3) and phosphoric acid (H3PO4) (Razuan et al., 2011). 
 
Table 3.3 Elemental analysis of raw OPEFB samples carried out by ICP-OES 
Elements 
This study 
Concentrations (ppm) 
Wan Razali et al (Razali et al., 
2012) 
P 470 (±180) 0.1% 
Ca 1330 (±410) 0.2% 
S 1730(±210) 0.1% 
Fe 561.57 (±131.64) 0.1% 
K 12,200 (±2600) 1.4% 
Mg 870 (±270) 0.1% 
Na 71.97 (±8.23) - 
Cr 2.03 (±0.12) 39.1 ppm 
Mn 21.47 (±4.18) 26.4 ppm 
Boron 11.9 (±1.42) 1.8 ppm 
Cd 0.2 (±0.14) ND 
Cu 17.3 (±5.09) 19.6 ppm 
Ni 1.8 ND 
Pb 1.13 (±0.21) 0.2 ppm 
Zn 16 (±5.9) 22.4 ppm 
Si 304.1 (±90.25) - 
 Note : Not  Detected (ND) 
 
3.3.4 The effect of particle size on biochar yield and quality from self-sustained 
carbonization of OPEFB in a pilot scale carbonization reactor – Natural exhausted gas 
flow rate. 
 
In this study, three different harvesting temperatures were used to stop carbonization 
process. Water is used to stop the fire by spraying into the pyrolized biochar with minimum 
usage to put off the fire. Firstly, carbonization was stopped when the carbonization 
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temperature decrease until below 30 oC, secondly, carbonization was stopped when 
carbonization temperature decreased until below 300 oC and thirdly, carbonization was 
stopped when temperature decreased until below 500 oC. Three different particle sizes of < 
29 mm, 30-99 mm and 100-150 mm OPEFB biomass were used in the process. Each of the 
experiments was repeated at least two times to ensure reproducibility. 
 
3.3.4.1 Relationship between yield and retention times  
Figure 3.2 shows the relationship between the yield and retention times of three 
different harvesting carbonization temperature of OPEFB biochar at different particle size of 
< 29 mm, 30-99 mm and 100-150 mm OPEFB biomass under self-sustained carbonization 
with natural exhausted gas flow rate. The effect of different carbonization harvesting 
temperature has shown a very significant effect on the retention time of all particle size 
tested. Generally, as the carbonization harvesting temperature decreased, the biochar yield 
decreases, thus carbonization retention time increased. The biochar yields and carbonization 
retention time have opposing trends. At carbonization harvesting (stop carbonization) 
temperature < 30 oC, long retention time taken of self-sustained carbonization process 
contributed fewer yields (< 6.0 %) which turned biochar into ash for all particle sizes tested. 
It was noted that, carbonization harvesting (stop carbonization) temperature < 500 oC gave 
less retention time and give more biochar yield (23-25%) compared to carbonization 
harvesting (stop carbonization) temperature < 300 and < 30 oC (below 20%). 
This showed that prolong carbonization process will not give better yield and quality 
of biochar. Moreover, the inconsistent carbonization temperature between 300-570 oC 
mentioned in previous chapter may cause below 20 % biochar yield and this is in an 
agreement with Sugumaran P, (2009) who obtained deceasing OPEFB biochar yield as 
temperature of carbonization increased 400 oC. Therefore, it is recommended that shorten the 
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retention time of self-sustained carbonization process could increase the yield and CV of 
biochar especially in real large scale capacity.  
 
 
a) 100 – 150 mm 
 
b) 30 – 99 mm 
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c) < 29 mm 
Figure 3.2 The relationship between yield and retention times of different harvesting 
temperature of OPEFB biochar at different particle size of a) 100-150 mm, b) 0-99 mm and 
c) < 29 mm OPEFB biomass under self-sustained carbonization with natural exhausted gas 
flow rate 
3.3.4.2 Calorific value 
Figure 3.3 shows the CV of different harvesting carbonization temperature OPEFB 
biochar at different particle size of a) 100-150 mm, b) 30-99 mm and c) < 29 mm OPEFB 
biomass under self-sustained carbonization with natural exhausted gas flow rate. Generally, 
at carbonization harvesting (stop carbonization) temperature < 30 oC, all CV of OPEFB 
biochar were below than 23.6 MJ/kg for all particle size tested due to more ash formation in 
long retention time. At harvesting temperature < 500 oC, the CV were found higher, which 
was above 23 MJ/kg compared to harvesting temperature < 300 oC which was slightly lower 
between 23 – 24 MJ/kg of all particle size tested. 
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a) 100 – 150 mm 
 
b) 30 – 99 mm 
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c) < 29 mm 
Figure 3.3 The CV of different harvesting temperature OPEFB biochar at carbonization at 
different particle size of a) 100-150 mm, b) 0-99 mm and c) < 29 mm OPEFB biomass under 
self-sustained carbonization with natural exhausted gas flow rate 
 
At harvesting carbonization temperature < 500, < 300 and < 30 oC under self-sustained with 
natural exhausted gas flow rate in this study were in agreement with Sukiran et al., (2011) 
who found the CVs were in the ranged 19.00-25.95 MJ/kg at carbonization temperature 
between 300-700 oC under controlled (with heater) carbonization. The CV from OPEFB 
biochar obtained in this study  relatively high as compared to fossil coal i.e. 28.0-32.0 MJ/kg 
(L.D. Danny Harvey, 2010). It is found that the biochar CVs obtained were 1.24-1.47 times 
higher than the raw OPEFB biomass. This is due to volatile matter has been released during 
carbonization (Omar et al., 2011). As compared to commercial coal, the CV of biochar 
obtained in this study was only 1.16-1.37 times lower. Homogeneous raw OPEFB also 
contributed to the consistent values of CV. 
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3.3.4.3 Relationship between CV, yield and retention time 
Since carbonization harvesting (stop carbonization) temperature < 500 oC gave less 
retention time and produced high biochar yield and CV, the yield and CV of all particle size 
has been compared and shown in the Figure 3.4 a) and b). Particle size between 100 - 150 
mm produced highest biochar yields (23.5-25%) compared to particle size between 30 - 99 
mm and < 29 mm which was below 16 % respectively. The average carbonization retention 
time showed particle size between 100-150 mm also lowest average retention (845 min) 
compared to particle size between 30-99 mm (931 min) and < 29 mm (1055 min). For CV, 
particle size between 100-150 mm also gives significant CV (22.59-24.65 MJ/kg) values 
compared to other sizes thus it can be selected as a best particle size under self-sustained 
carbonization with natural exhausted gas flow to produce good biochar with low retention 
time and high yield. 
 
a) 
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b) 
Figure 3.4 Comparison of different particle size on a) Yield and retention time carbonization 
and b) CV at harvesting carbonization temperature < 500 oC with natural exhausted gas flow 
rate. 
 
3.3.4.4 Proximate and ultimate analysis of OPEFB biochar 
The results of the thermochemical property of solid OPEFB biochar at different 
carbonization harvesting temperature are listed in Table 3.4. The analysis results indicated 
carbonization harvesting temperature effected carbon content in OPEFB biochar produced.  
For particle size < 29 mm, low fixed carbon has been produced which was below 
63.80 % contributed to low CV for all carbonization harvesting temperature tested. 
Furthermore, smaller particle size of raw OPEFB produced high ash content which were 
between 20-36 %. The oxygen content in the OPEFB biochar for all harvesting temperature 
also high between 35-52% and slightly higher obtained by Demirbas, (2004), between 42-11 
% at similar carbonization temperature (< 700  oC).  
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For intermediate particle size between 30-99 mm, more consistent results obtained 
compared to particle size < 29 mm at all carbonization harvesting temperature due to 
homogeneous of raw OPEFB used.  The proximate analysis, the volatile matter, ash and fixed 
carbon of OPEFB biochar sample are about 11-21, 13-17 and 60-73 wt% on dry basis 
respectively.  On the other hand, the ultimate analysis, carbon, hydrogen, nitrogen and 
oxygen was found to be around 57-67, 2.0-3.5, 1.5-4.0 and 27-36 wt% . This in agreement 
with Sukiran et al., (2011) with same range temperature under control carbonization process. 
It should be noted that the content (below 2 wt%) of nitrogen in OPEFB biochar at 
carbonization harvesting temperature < 500 oC are comparable with most of the coal (Bustin 
et al., 1993). This fuel-bound nitrogen contributed with low nitrogen oxides (NOx) emission 
from OPEFB biomass carbonization and proven so (41-65 ppm) as reported in previous 
chapter. The highest CV found at this particle size (73 %) correspond to high CV (25 MJ/kg).  
 For particle size 100-150 mm, inconsistent result obtained was due to non-
homogeneous of raw OPEFB used. Carbonization harvesting temperature < 500 oC showed 
highest content of fixed carbon between 60-65 % produced high CV between 22-25 MJ/kg 
which was still comparable with particle size 30-9 mm. However, carbonization harvesting 
temperature < 300 and < 30 oC produced fixed carbon below than 56 % and produced CV 
below than 21 MJ/kg.  
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Table 3.4. Effect of carbonization harvesting temperature on calorific value of OPEFB biochar. The treatment shows the effect of the OPEFB 
biochar on CV at particle size 100 -150 mm; A: OPEFB biochar harvested when temperature of the bed below 30 oC, B: OPEFB biochar 
harvested when temperature of the bed below 300 oC, C: OPEFB biochar harvested when temperature of the bed below 500 oC. 
Particle 
size 
(mm) 
Type of 
harvested 
(oC) 
Experiment 
test  
Proximate (%, as received)   Ultimate (% dry, ash free) 
CV (MJ/kg) 
Moisture Ash Volatiles 
Fixed 
carbon*  
C H O* N 
< 29  
< 500 
           
T1 3.10(±0.32) 20.34(±2.10) 22.83(±1.99) 53.73  55.23(±1.27) 3.26(±0.09) 35.70 5.26(±0.86) 20.16(±0.58) 
T2 3.30(±0.32) 22.39(±0.43) 11.79(±0.59) 62.52  
55.86(±3.46) 2.11(±0.12) 40.49 1.54(±0.07) 22.79(±0.20) 
< 300 
T1 1.74(±0.09) 25.29(±0.94) 9.14(±0.42) 63.84  
60.65(±2.49) 2.56(±0.06) 35.18 1.62(±0.09) 20.94(±0.33) 
T2 1.45(±0.28) 35.31(±0.14) 9.98(±0.53) 53.27  
53.83(±0.55) 2.40(±0.02) 41.94 1.84(±0.14) 17.40(±0.25) 
< 30 
T1 2.05(±0.47) 35.36(±0.30) 11.22(±0.70) 51.37  47.50(±3.62) 2.72(±0.12) 48.19 1.58(±0.18) 18.10(±0.15) 
T2 1.50(±0.54) 34.71(±2.38) 20.50(±2.10) 43.29  42.32(±2.90) 2.74(±0.09) 51.81 3.13(±0.82) 
15.19(±1.26) 
30 -99 
< 500 
T1 2.94(±0.20) 13.17(±0.25) 15.73(±0.65) 68.14   62.33(±0.82) 3.48(±0.01) 32.68 1.52(±0.05) 24.06(±0.27) 
T2 3.03(±0.12) 16.58(±0.23) 12.47(±0.37) 67.92  
57.54(±0.95) 3.29(±0.08) 37.56 1.61(±0.08) 21.32(±0.44) 
< 300 
T1 2.17(±0.43) 13.27(±1.10) 11.08(±0.36) 73.48  
67.97(±1.61) 3.12(±0.07) 27.08 1.84(±0.12) 25.03(±0.45) 
T2 3.13(±0.38) 16.79(±0.45) 11.14(±1.16) 68.68  
65.11(±1.21) 2.55(±0.05) 30.31 2.03(±0.01) 21.26(±0.15) 
< 30 
T1 3.49(±0.30) 13.88(±3.49) 20.47(±1.31) 62.16  
58.08(±0.96) 3.44(±0.39) 33.65 4.00(±0.64) 21.14(±2.01) 
T2 3.20(±0.50) 15.65(±2.39) 21.20(±1.50) 60.00  57.83(±2.05) 3.16(±0.45) 35.86 3.15(±0.15) 
22.45(±1.08) 
100 -
150 
< 500 
T1 2.37(±0.49) 16.17(±0.31) 12.32(±0.57) 69.14   65.05(±0.85) 3.16(±0.06) 30.38 1.41(±0.06) 24.65(±0.22) 
T2 3.58(±0.59) 19.27(±2.01) 16.64(±1.30) 60.51  
60.82(±1.77) 3.23(±0.08) 34.35 1.59(±0.04) 22.59(±0.53) 
< 300 
T1 3.70(±0.65) 20.99(±0.87) 13.18(±0.62) 62.14  
53.45(±3.17) 2.76(±0.15) 41.72 2.07(±0.10) 20.46(±0.73) 
T2 3.18(±0.34) 26.06(±1.23) 10.01(±0.45) 60.75  
53.08(±4.27) 2.33(±0.14) 42.75 1.84(±0.01) 18.14(±0.35) 
< 30 
T1 4.65(±0.62) 16.01(±2.98) 15.79(±0.48) 63.55  
54.86(±0.93) 2.68(±(0.04) 36.74 5.06(±0.49) 19.04(±0.54) 
T2 3.00(±0.50) 19.42(±3.67) 14.20(±1.40)  63.38   55.95(±2.67) 2.94(±0.29) 37.51 3.60(±0.94) 20.84(±0.60) 
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3.3.5 The effect of particle size on biochar yield and quality from self-sustained 
carbonization of OPEFB in a pilot scale reactor – Fixed exhausted gas flow rate (36 
m3/hr). 
The exhausted gas flow rate was fixed at 36 m3/hr using suction blower to ensure the 
circulation of hot air from top to bottom of the reactor undergo uniformly under self-
sustained carbonization process, however the temperature was still not controlled. 
 
3.3.5.1 Relationship between yield and retention times 
Figure 3.5 shows the relationship of the yield and retention times of three different 
harvesting carbonization temperature of OPEFB biochar at different particle size of < 29 mm, 
30-99 mm and 100-150 mm OPEFB biomass with fixed exhaust gas flow rate (36 m3/hr). 
Retention times showed similar pattern of three different harvesting carbonization 
temperature of OPEFB biochar at different particle size of < 29 mm, 30-99 mm and 100-150 
mm OPEFB biomass with fixed exhausted gas flow rate (36 m3/hr) compared to natural 
exhausted gas flow rate. As the carbonization harvesting temperature decreased, the biochar 
yield decreases, the pyrolysis retention time increased. The biochar yields and carbonization 
retention time have opposing trends. 
Generally, harvesting (stop carbonization) carbonization temperature < 30 oC showed 
less than 12 % yield and average retention time were more than 280 min of all particle size 
tested. Long-time retention time (2800-3000 min) contributed to this result. However, 
retention time taken with fixed exhausted gas flow when harvesting carbonization 
temperature  < 30 oC was less than natural exhausted gas flow due to faster hot air 
distribution process at the surface of OPEFB during combustion which helped by exhaust gas 
blower. It also found that shortest carbonization retention time was found at particle size 
between 100-150 mm (371 min) at carbonization harvesting temperature < 500 oC which 
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gave highest yield (25-27 %) compared to harvesting (stop carbonization) carbonization 
temperature < 300 and < 30 oC. It is noted that, the retention time was relatively low 
compared to natural exhausted gas flow rate. This was due suction blower where hot 
exhausted gas flow easily passed through from top to bottom of the reactor.   
 
 
a) 100 – 150 mm 
 
b) 30 – 9 mm 
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c) < 29 mm 
 
Figure 3.5 The relationship between the yield and retention times of different harvesting 
temperature OPEFB biochar at different particle size of < 29 mm, 30-99 mm and 100-150 
mm OPEFB biomass under self-sustained temperature with fixed exhausted gas flow rate (36 
m3/hr). 
 
3.3.5.2 Calorific value 
Similar patterns of CV found under fixed exhausted gas flow rate compared to natural 
exhausted gas flow rate as shown Figure 3.6. Generally, at carbonization harvesting (stop 
carbonization) temperature < 30 oC, all CV of OPEFB biochar were below than 23 MJ/kg for 
all particle size tested due to more ash formation in long retention time. At harvesting 
temperature < 500 oC, the CV were found higher between 23 - 25 MJ/kg and similar result 
found at harvesting temperature < 300 oC of all particle size tested.  
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a) 100 – 150 mm 
 
 
b) 30 – 99 mm 
72 
 
 
c) < 29 mm 
Figure 3.6 The CV of different harvesting temperature OPEFB biochar at different particle 
size of  a) 100-150 mm, b) 30-99 mm and c) < 29 mm OPEFB biomass under self-sustained 
carbonization with fixed exhausted gas flow rate (36 m3/hr) 
 
3.3.5.3 Relationship between CV, yield and retention time 
Since carbonization harvesting (stop carbonization) temperature < 500 oC gave less retention 
time and produced high biochar yield and CV, the comparison of different particle size was 
made and shown in the Figure 3.7 a) and b). Particle size between 100 - 150 mm produced 
slightly higher biochar yields (25-27 %) compared to particle size between 30 - 99 mm and < 
29 mm which were 23.25 and 24.65 % respectively. The average carbonization retention time 
showed particle size between 100-150 mm also has lowest average retention time (371 min) 
compared to particle size between 30-99 mm (547 min) and < 29 mm (989 min). For CV, 
particle size between 100-150 mm also gives significant CV values compared to other sizes. 
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a) 
 
b) 
Figure 3.7 Comparison of different particle size on a) Yield and retention time carbonization 
and b) CV at harvesting carbonization temperature < 500 oC with fixed exhausted gas flow 
rate (36 m3/hr). 
 
 
74 
 
3.3.5.4 Proximate and ultimate analysis of OPEFB biochar at harvesting carbonization 
temperature < 500 oC with fixed exhausted gas flow rate at 100 – 150 mm particle size (36 
m3/hr). 
 
In this section, only the proximate and ultimate analysis of OPEFB biochar at harvesting 
carbonization temperature < 500 oC with fixed exhausted gas flow rate (36 m3/hr) at 100 – 
150 mm particle size was examined since this size produced highest CV and yield. The 
proximate and ultimate analysis of OPEFB biochar is shown in Table 3.5 below. The 
proximate analysis results indicated that the ash content was slightly low and high fixed 
carbon (70-71 %) which contributed to high CV. Ultimate analysis of carbon contents 
obtained was about 64 %, within the range obtained by Sukiran et al. (2011) who obtained 65 
% carbon content. T1 and T2 have shown the reproducibility of the biochar under self-
sustained carbonization with fixed discharge exhaust gas flow (36 m3/hr) with almost similar 
CV and quality produced. The usage of suction blower has produced hot air circulation for 
carbonization process and more consistent quality of biochar can be produced.  
 
Table 3.5 Proximate and ultimate analysis of OPEFB biochar at harvesting carbonization 
temperature < 500 oC with fixed exhausted gas flow rate at 100 – 150 mm particle size (36 
m3/hr). 
Particle 
size 
(mm) 
Type of 
harvested 
(oC) 
Proximate (%, as received) Ultimate (% dry, ash free) 
 CV 
(MJ/kg) 
Moisture Ash Volatiles 
Fixed 
carbon 
C H O N 
100 -
150 
< 
500 
T1 3.20 (±1.20) 13.65 (±1.24) 12.32(±0.57) 70.83 64.33(±1.5) 3.68(±0.05) 30.41 1.58(±0.06) 24.5(±0.77) 
T2 2.80(±1.56) 12.98 (±1.16) 12.47(±0.37) 71.75 64.62(±1.77) 3.65(±0.07) 30.17 1.56(±0.04) 24.0(±0.01) 
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3.3.6 Comparison of CV and carbonization conditions of OPEFB with other studies. 
Table 3.6 shows comparison of CV and carbonization conditions of OPEFB biochar with 
other studies. The OPEFB biochar CV of 23-25 MJ/kg obtained from 100 - 150 mm particle 
size in this study under self-sustained carbonization temperature with natural and fixed 
discharge gas flow rate can be considered high and comparable to Sukiran et al. (2011) who 
obtained CV of 22.98-25.98 MJ/kg under controlled (with heater) carbonization temperature, 
with an external energy source. The average maximum temperature under self-sustained 
carbonization obtained  between 560-580 oC which slightly low compared to Sukiran et al., 
(2011) who obtained between 300-700 oC. The CV of the biochar is comparable with other 
studies (Sukiran et al., 2011) conducted under controlled temperature with external energy 
sources, making it a more preferable option for the palm oil industry 
 
Table 3.6  Comparison of CV and carbonization conditions of OPEFB with other studies. 
Combustor 
Exhaust gas flow 
rate (m3/hr) 
Particle size  
Temperature 
(oC) 
Average 
carbonization 
retention time 
(min) 
Biochar CV 
(MJ/kg) 
References 
Pilot-scale 
brick 
Natural 
exhausted gas 
flow rate 
100- 150 mm 300 - 580 845 23.0 - 25.0  
This study 
Fixed exhausted 
gas flow rate  
100 -150 mm 300 - 560 371 24.0 - 24.5 
Fluidized 
fixed bed 
- 91 – 106 µm 300 - 700 < 20 22.9 - 25.9 
(Sukiran et 
al., 2011) 
 
3.3.7 Carboxylic acid analysis 
Wood vinegar or pyroligneous acid is a by-product of charcoal burning which is obtained 
when smoke from charcoal kiln is channelled into a long pipe to allow condensation of the 
smoke into the form of liquid (Mungkunkamchao et al., 2013). Carboxylic acid in 
pyroligneous liquors samples were derived from the thermal decomposition of OPEFB using 
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pilot- medium scale (brick stone) with self-carbonization.  It is found that two short-chain 
acid, acetic and propanoic  are presents in the highest concentration, 4.17 g/L and 2.99 g/L  
respectively. Others acid component found are formic acid (1.04 g/L) and lactic acid 
(0.11g/L). The results are an agreement with Mungkunkamchao et al., (2013) where the 
highest concentration of wood vinegar or pyro ligneous  acid extraction were acetic acid 
(30.39%).  
3.3.8 Elemental content of OPEFB biochar at different particle size under self-sustained 
carbonization temperature  
 
Being rich in minerals, OPEFB biochar may be better suited as alternative chemical fertilizer 
or at least reduced the usage of them. The elemental analysis was determined under both 
controlled and self-sustained exhausted gas flow rate. 
 
3.3.8.1 Natural exhausted gas flow rate 
Carbonization concentrated minerals at different particle sizes with natural exhausted gas 
flow rate are shown in Figure 3.8. The concentration of mineral did not show any major 
deferent at all particle size tested. P-content of increased tremendously from the raw OPEFB 
biomass concentration between 406-501 % at all particle size tested. K-content also increased 
between 343-541 %. Other mineral (i.e  Mg, Ca, Na, Mn, Fe, Cr, AI) showed also increased 
up 700 % from the raw feedstock concentration.  
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Figure 3.8 Mineral concentration of OPEFB biochar at different particle size with natural 
exhausted gas flow rate. 
 
Table 3.7 Heavy metal concentration of OPEFB biochar at different particle size with natural 
exhausted gas flow rate 
Heavy metal 
(ppm) 
Particle size (mm) 
30 30-99 100-150 
Cu 25.2 (±11.71) 28.5(±4.27) 27.0(±0.72) 
Zn 56.3(±15.13) 55.9(±8.8) 55.73(±6.2) 
Cd 0.4(±0.2) 0.4(±0.2) 1.0(±0.53) 
Pb 23.8(±2.83 23.7(±2.97) 29.3(±9.48) 
Ni 5.9(±2.05) 2.5(±1.17) 5.3(±1.55) 
Mo 13.6(±4.69) 8.3(±3.63) 13.4(±4.73) 
As 70.5(±17.76) 71.4(±15.48) 56.5(±29.08) 
 
The concentration of heavy metal (Table 3.7) extracted from various particle size OPEFB 
biochar were lower than listed ceiling concentration under 40 C.F.R §503(EPA, 2005).   
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3.3.8.2 Fixed exhausted gas flow rates ( 36 m 3/hr) 
 
Carbonization concentrated minerals at different particle sizes with fixed exhausted gas flow 
rate are shown in Figure 3.9. P-content of particle size less than 29 mm OPEFB biochar 
increased tremendously from the raw OPEFB biomass concentration by 655%. Nevertheless 
for particle size 30-99 and 100-150 mm OPEFB biochar also increased by 54 and 86% 
respectively. K-content also has high effect on the soil fertility. OPEFB biochar at particle 
size less than 29 mm has significantly increased by 552 %, meanwhile K concentration for 
particle size 30-99 and 100-150 mm increased by 72 %. Other mineral (i.e  Mg, Ca, Na, Mn, 
Fe, Cr, AI) showed also increased from the feedstock concentration by 45-700 %; where the 
concentration from  greatest to least particle size were  less than 29 mm > 30-99 mm > 100-
150 mm.  
 
Figure 3.9 Mineral concentration of OPEFB biochar at different particle size with fixed 
exhausted gas flow rate (36 m3/hr). 
79 
 
 
Table 3.8 Heavy metal concentration of OPEFB biochar at different particle sizes with fixed 
exhausted gas flow rate (36 m3/hr). 
 
Heavy metal (ppm) 
Particle size (mm) 
less than 29 30-99 100-150 
Cu 30.07 (±6.85) 27.00 (±0.72) 28.53 (±4.27) 
Zn 63.60 (±8.78) 55.73 (±6.20) 55.93 (±8.80) 
Cd 0.50 (±0.42) 1.00 (±0.53) 0.40 (±0.20) 
Pb 14.13 (±8.95) 29.30 (±9.48) 23.70 (±2.97) 
Ni 2.20 (±0.20) 5.33 (±1.55) 2.53 (±1.17) 
Mo 7.93 (±3.88) 13.40 (±4.73) 8.27 (±3.63) 
As 26.27 (±9.91) 40.90 (±15.41) 71.40 (±23.19) 
 
The concentration of heavy metal (Table 3.8) extracted from various particle size OPEFB 
biochar were also lower than listed ceiling concentration under 40 C.F.R §503(EPA, 2005).  
Lower concentration of Cd due to lost in gas oil phase at carbonization up to 400 oC  which 
was within temperature of this study however in contrast,  Cd, Zn, and Cu did not exhibit 
losses to the same phase (Lievens et al., 2008). Generally, this lower heavy metal generated 
at all particle size of OPEFB biochar would have minimal on plant growth. 
 
3.3.9 Surface area 
Surface area is important in chemical kinetics whereby increasing the surface area of a 
substance generally increases the rate of a chemical reaction (Sukiran et al. 2011). The 
surface area of raw OPEFB and carbonized biochar at different particle sizes with natural 
exhausted gas flow rate at harvested below 500 oC are shown in Figure 3.9. There is no 
significant effect of temperature and particle sizes under self-sustained carbonization on 
surface area of biochar. The surface area of biochar was between 3.87 and 4.32 m2/g for all 
particle sizes between < 29 to 150 mm.  The raw OPEFB surface area was 2.06 m2 /g which 
was a small effect after carbonization. This due to the slow carbonization temperature and 
also depending on the production conditions. Slow carbonization under self-sustained which 
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below 700 oC was the main reason the surface area very small. This study was similar to 
Sukiran et al. (2011) where the surface area in this study is comparable due to low 
temperature of carbonization are used between 300 to 500 oC. It is recommended that, further 
activation process such as physical or chemical activation could be carried out to increase the 
surface area. 
 
Table 3.9 Surface area analysis of OPEFB biochar at different particle size with natural 
exhausted gas flow rate (harvested at < 500 oC) 
Analysis/ Particle size Raw OPEFB 100-150 mm 30-99 mm < 29 mm 
Other 
studies 
(Sukiran et 
al. 2011) 
Surface area (m2/g) 2.06(±0.47) 4.32(±0.67) 3.86(±0.41) 3.87(±0.40) 3.3-4.5 
Total pore volume(cm3/g) 0.01(±0.00052) 0.01(±0.00094) 0.01(±0.00077) 0.01(±0.00041) 0.01-0.02 
Average Pore diameter 
(nm) 13.26(±0.53) 5.53(±0.02) 15.56(±1.79) 2.78(±0.14) - 
 
3.3.9 Conclusion  
This study shows carbonization harvesting temperature has shown a very significant 
effect on the retention time, yield and CV of OPEFB biochar. As the carbonization harvesting 
temperature decreased, the biochar yield decreases, the carbonization retention time 
increased. The biochar yields and carbonization retention time have opposing trends 
For self-sustained carbonization temperature with natural exhausted gas flow rate, 
harvesting carbonization temperature of < 500 oC of OPEFB biomass at the particle size 
range from 100-150 mm produced the highest biochar yield between 23-25 % and still can 
produced highest CV of OPEFB biochar between 22.6-24.7 MJ/kg. Furthermore, the 
carbonization retention time between 790-893 min were found shortest as compared to other 
carbonization harvesting temperature at all particle size. This particle size, no further size 
reduction needed to achieve high CV thus, reduce the energy requirement at production line. 
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 For self-sustained carbonization temperature with fixed exhausted gas flow rate, more 
OPEFB biochar yield can be obtained at all particle size tested which found between 23.7-27 
% compared to self-sustained with natural exhausted gas flow rate at similar particle size and 
carbonization harvesting temperature (< 500 oC) which can still produce high CV between 
23.0-24.4 MJ/kg. Moreover, the carbonization retention time between 280-462 min were 
found less as compared to natural exhausted gas flow rate contributed to high yield. More 
consistent result can be achieved under self-sustained carbonization temperature with fixed 
exhausted gas flow rate but more energy used from the usage of exhaust gas blower. 
The CV of the OPEFB biochar in this study is comparable with other studies 
conducted under controlled temperature with external energy sources. The nutrient rich 
biochar from OPEFB biomass successfully increased from the feedstock, meanwhile heavy 
metals were found were lower than listed ceiling concentration. This proposed system 
without electrical control and heating source is preferable to the industry due to its simplicity, 
ease of operation and low energy requirement. 
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CHAPTER 4.0: THE EFFECT OPEFB BIOCHAR YIELD AND QUALITY IN A 
SCALED-UP POOL TYPE REACTOR UNDER SELF-SUSTAINED 
CARBONIZATION (3 TONES CAPACITY). 
 
4.1 Introduction 
Being one of the largest producer and exporter of palm oil, the Malaysian palm oil 
industry is currently expanding rapidly (MPOC, 2014). Total exports of oil palm products, 
consisting of palm oil, palm kernel oil, palm kernel cake, oleo-chemicals, biodiesel and 
finished products increased to 25.70 million tons in 2013 accounting for RM61.36 billion 
export of national gross income (MPOB, 2013). It is estimated that 19 million tons of 
biomass residues are produced annually in the form of oil palm empty fruit bunch (OPEFB), 
mesocarp fibre and palm kernel shell (Sumathi et al., 2008). In 2013, the total oil palm fresh 
fruit bunch (FFB) increased to 95 million tons (MPOC 2013) and generated 21 million tons 
of OPEFB alone annually (Talib et al., 2014). OPEFB provides an opportunity for value 
added products such as biochar or charcoal as an alternative source for renewable energy. It 
has been reported that with slow carbonization at temperature ranging 350 -700 0C and long 
residence times from minutes to hours (Spokas et al., 2012). Biochar can be produced from 
OPEFB with 23-25 MJ/kg CV under self-sustained carbonization at pilot scale (Idris et al. 
2014). 
 There are several papers reporting large scale biochar production using 
external heating elements (Shenqiang Wang et al., 2013 and Harsono et al., 2013). The large 
energy input in the form of diesel fuel and electricity consumption during the carbonization 
(Harsono et al., 2013), made the biochar production unsustainable due to high cost of 
operation. We have reported that under self-sustained carbonization of OPEFB in a 30 kg 
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pilot scale reactor, high biochar yield and CV can be obtained (Idris et al., 2014). However, 
large-scale pool-type self-sustained carbonization reactor has not been reported earlier.  
From the development of YAMASEN carbonization oven using bamboo as  raw 
material which never been reported scientifically, therefore in this study, scaling-up of 
biochar production from using pressed-shredded and whole OPEFB biomass under self-
sustained carbonization based on YAMASEN was conducted with the objective of obtaining 
comparable CV and yield. 
 
4.2 Materials and method 
4.2.1 Raw OPEFB Sample preparation  
Raw OPEFB biomass sample was obtained from from Seri Ulu Langat Palm Oil Mill, 
Dengkil, Selangor, Malaysia. The samples were about 100-150 mm in particle size for 
pressed-shredded OPEFB and whole bunch OPEFB varied from 170-300 mm long and 250-
350 mm wide. The pressed-shredded and whole bunch OPEFB were dried between 26-35 oC 
under roofed shelter for at least 1 week to remove the residual moisture until 10-30 % prior to 
the carbonization process 
 
4.2.2 Pool type self-sustained carbonization reactor experimental set-up. 
The carbonization tests were conducted in a large-scale (brick stone) self-sustained 
pool type reactor as shown in Figure 4.1. The detail schematic diagram is shown in Figure 
4.2. The pool type carbonization reactor consisted of brick stone walls of 5 m width, 9 m 
length and 1.8 m height external dimensions. The reactor had been divided into two pools 
using concrete cement for the experiment purpose with the actual internal dimensions for 
experiment being 3.2 m wide, 4.3 m long, 1.8 m deep. The other side of the pool type reactor 
is for stand-by. At the bottom of the pool oven, smoke drains (Figure 2) were constructed and 
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covered with perforated steel plates to enable the smoke to flow into the 15 m tall chimney by 
natural sucking from high temperature at the bottom (inlet) of the chimney. The temperatures 
inside the reactor were monitored using four (4) k-type thermocouples positioned at different 
heights in the reactor measured from the bottom of the reactor, i.e T1 (0.1 m), T2 (0.30 m), 
T3 ( 0.5 m) and T4 (0.8 m). The temperature data was automatically recorded using a data 
logger at every 60 seconds. The carbonization process was stopped when the T1 temperature 
decreased below 500 oC. The samples of carbonized biochar were collected from five to 
seven different location i.e bottom, middle and top of the reactor prior CV values analysis. As 
an additional accessory, the pool oven was connected to gas treatment system which 
consisted of cooler, activated carbon filter, blower and scrubber before the smoke was 
discharged to the atmosphere through chimney by opening valves 2 and 3 and closing valve 1 
(Figure 4.2). Loading and harvesting were carried out using machineries such as excavator, 
skid loader and forklift.  
The air flow rate was measured using flow meter and smoke gas concentration 
(CO/CO2/O2 and others) was measured on the middle of the chimney using MRU Vario plus 
gas analyser with time lag in the analyser was approximately 30 min. Loading and harvesting 
were carried out using machineries such as excavator (Figure 4.6), skid loader (Figure 4.7) 
and forklift (Figure 4.8) 
 
85 
 
 
Figure 4.1 The large scale pool type self-sustained carbonization reactor 
 
Figure 4.2 Schematic diagram of the pool type carbonization reactor and smoke treatment 
system 
Smoke treatment system 
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Figure 4.3 Pool blocks of carbonization rector 
 
 
Figure 4.4 Smoke drain 
 
Figure 4.5 Steel plate with holes 
9 m  
5 m  
1.8 m 
m 
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Figure 4.6 Excavator (Type model ; PC18MR-3) 
 
Figure 4.7 Skid loader (Type model; SR220) 
 
Figure 4.8 Forklift (Type model; 62-8FD15) 
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4.2.3 Self-sustained carbonization initial burning method 
There were two types of initial burning method tested to identify the suitable condition for 
pressed-shredded and whole bunch OPEFB self-sustained carbonization. The methods were 
identified after conducting several preliminary experiments process. The experiments were 
based on the systems done in Shimane, Japan (open system) using YAMASEN carbonization 
oven and Yame, Japan (closed system) modified YAMASEN whereby both methods used 
bamboo fan waste and bulky bamboo but never been reported scientifically. We found that 
the two types of initial burning method namely open system carbonization was suitable for 
small particle size and pores while closed system carbonization is suitable for large bunch 
OPEFB biomass (bulky particle size) after modification from Shimane and Yame trials. The 
description for initial burning are as listed below: 
4.2.3.1 Closed self-sustained carbonization procedure 
1. For initial burning method, about 200-300 kg of raw pressed-shredded OPEFB 
biomass was loaded into the pool reactor 
2. The fire was set up using a portable propane burner on the biomass especially at 
the chimney to ensure that the chimney is hot enough to suck out smoke from the 
combustion and discharged through the chimney 
3. After several minutes, when the smoke was discharged constantly from the 
chimney and the biomass was fully fired, the remaining biomass was loaded. At 
this stage, the loading process must be conducted carefully to ensure the fire was 
not put off 
4. After all the biomass has been loaded, fire was once again set on top of the 
biomass. 
5. The pool type reactor was then fully closed (closed system). 
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6. The thermocouples were installed in position as described previously. 
7. After the last thermocouple indicated temperature had decreased below 500 oC, 
the biochar was sprayed with water prior to harvesting. 
Closed system self-sustained carbonization characteristic 
I. Yame method - Information given by Bamboo Techno company, 2012. 
II. Bamboo tree - Completely closed system 
III. Biomass - Hard and bulky   
IV. No scientifically data ( temperature and biochar quality ) reported 
 
 
1.Loading and arrangement              2. Firing                                  3. System completely closed 
 
 
 
 
 
 
UPM , Malaysia application 
I. Whole bunch OPRFB biomass - Completely closed system 
II. Biomass - Hard and bulky   
4. Biochar 
Modified and apply in UPM using 
whole bunch OPEFB biomass 
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III. Scientifically data ( temperature and biochar quality ) reported 
 
4.2.3.2 Open self-sustained carbonization procedure 
 
1. For initial burning method, about 200-300 kg of raw pressed-shredded OPEFB 
biomass was loaded into the pool reactor. 
2. The fire was set up using a portable propane burner on the biomass especially at the 
chimney to ensure that the chimney is hot enough to suck out smoke from the 
combustion and discharged through the chimney. 
3. After several minutes, when the smoke was discharged constantly from the chimney 
and the biomass was fully fired, the remaining biomass was loaded. At this stage, the 
loading process must be conducted carefully to ensure the fire was not put off. 
4. The pool was not covered (open system). In order to ensure smoke did not appear on 
the top of biomass, additional biomass will be loaded to cover up the areas where the 
smoke appeared. This is to avoid too much air entering the pool which would cause 
OPEFB biochar turning into ash. 
5. After the last thermocouple indicated temperature had decreased below 500 oC, the 
biochar was sprayed with water prior to harvesting. 
6. The thermocouples were installed in position as described previously. 
 
Open system self-sustained carbonization characteristic 
I. Shimane method - Information given by Mr Yamamoto and company, 2012. 
II. Bamboo fan waste - Completely open system 
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III. Biomass - Small and pores  
IV. No scientifically data (temperature and biochar quality) reported 
 
 
 
 
 
 
 
 
UPM , Malaysia application 
I. Pressed-shredded OPEFB biomass - Completely open system 
II. Biomass (small and pores)   
IV. Scientifically data ( temperature and biochar quality ) reported 
 
4.3 Result and discussion 
The maximum temperatures for pressed-shredded and whole bunch OPEFB were 
found to be in the range of 580-608 oC which were similar with small scale self-sustained 
carbonization reported by Idris et el. (2014). Temperature at the bottom (T1) and middle 
of the pool (T2) showed more than 300 oC due to hot air circulation zone occurrence 
Modified and apply in UPM using 
pressed-shredded OPEFB biomass 
3. Loading  2. Burning  1. Loading  4. Biochar  
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while temperatures at T3, T4 and T5 fluctuated between 100-300 oC due to reduction of 
heights of bed material during combustion. It was also found that temperatures more than 
300 oC maintained between 500 – 600 min which is an appropriate condition to produce 
biochar (Spokas et al. 2012). 
4.3.1 Calorific value and yield for open system 
 
Figure 4.9 CV and yield OPEFB biochar (open system) from several trials 
 
Results of the CV and yield of solid pressed-shredded OPEFB biochar from several 
trials under open carbonization process are shown in Figure 4.9. The arrangement of pressed-
shredded OPEFB with particle size of 100-150 mm was tightly packed with the OPEFB 
biomass, thus it was difficult for hot air and oxygen to pass between the particles (Idris et al., 
2014). No cover was used (open system) to ensure smoke did not appeared on the top of 
biomass. However, if the smoke released, then biomass will be loaded to cover up the smoke 
hole. This is to avoid entrance of O2 between the particle sizes hence fire easily turned 
biochar into ash. After the last thermocouple indicated temperature decreased below 500 oC, 
the carbonization was stop by using sprayed water prior to unload. 
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The maximum temperatures for pressed-shredded OPEFB were found to be in the 
range of 580-695 oC which were slightly higher compared with small scale self-sustained 
carbonization reported by Idris et el. (2014). Temperature at the bottom (T1) and middle of 
the pool (T2) showed more than 300 oC due to hot air circulation zone occurrence while 
temperatures at T3, T4 and T5 fluctuated between 100-300 oC due to reduction of heights of 
bed material during combustion. It was also found that temperatures in this study more than 
300 oC and maintained at long duration from minutes to hours which is an appropriate 
condition to produce biochar (Spokas et al. 2012). 
Trial 1 was considered a failure. It was found that almost 50 % of OPEFB biomass 
was not carbonized and remained as per original form. The reason found was the fire set at 
some places in the pool reactor during initial burning was put off while loading process 
resumed. Besides that, uneven firing in the pool was also identified as the main reason for 
this failure (Adam, 2009). It is also noted that some of the OPEFB biomass was still wet, thus 
hindering the self-burning process. The yield from collected biochar at this trial was below 
18.5 %. Low fixed carbon which was below 60 % (Table 4.1) contributed to low CV (18 
MJ/kg). After taking into account the experience from trial 1, trial 2 was conducted. Trial 2 
showed that all OPEFB biomass was converted into biochar. The carbon content not much 
improved. Nevertheless, the CV and yield were improved by 21 MJ/kg and 26 % 
respectively. Although all OPEFB biomass was converted to biochar, a long retention time 
resulted in low CV being obtained with more ash content. The process needs to be monitored 
thoroughly to ensure all OPEFB biomass is converted into biochar instead of ash.  
Trial 3 was carried out by taking into account trials 1 and 2. At this stage, yield was 
slightly improved at 28.5 % with major increased in carbon (65 %) and CV (24.25 MJ/kg) as 
shown in Table 4.1. The proximate analysis, the volatile matter, ash and fixed carbon of 
OPEFB biochar sample were about 7.46, 25.27 and 63.61 % respectively.  On the other hand, 
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the ultimate analysis, carbon, hydrogen, nitrogen and oxygen were 60.75, 3.1, 1.0 and 35 % 
respectively. The values were almost similar compared to small scale (30kg) carbonization 
reported by Idris et al. (2014). 
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Table 4.1 The result on the thermochemical property of solid OPEFB biochar from open 
carbonization system 
 
Biochar quality 
analysis  
Raw OPEFB Run 1 Run 2 Run 3 
Proximate 
(%, as received) 
 
 
Moisture 8.31 3.64(±1.38) 3.58(±0.34) 3.48(±0.60) 
Ash 4.45 33.37(±0.72) 28.13(±3.60) 25.27(±3.01) 
Volatiles 67.59 8.27(±0.13) 8.01(±0.45) 7.64(±1.50) 
Fixed 
carbonbd 
19.09 54.72 60.28 63.61 
Ultimate  
(% dry, ash free) 
  
  
C 44.03 54.49(±0.22) 55.73(±4.04) 60.75(±0.19) 
H 6.40 2.52(±0.02) 2.68(±0.24) 3.13(±0.07) 
Obd 47.75 43.66 41.52 35.05 
N 1.65 1.32(±0.03) 1.07(±0.08) 1.07(±0.05) 
C/N 26.66 41.3 51.03 56.95 
CV (MJ/kg) 17.74(±1.40)* 21.01(±0.53) 21.96 (±2.75)a 24.26(±0.37)a 
Biochar Yield (%)    - 18.52 30.50 33.45 
Note: Biochar CV (mean ± SD, n = 3; letters in common indicate no significant    difference 
(p>0.05). 
bdBy difference 
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4.3.2 Calorific value and yield for closed system 
 
Figure 4.10 CV and yield OPEFB biochar (closed system) from several trials 
 
Results on the CV and yield of solid OPEFB biochar from several trials of closed 
carbonization process are shown in Figure 4.10. Trial 1 condition was also considered a 
failure. The combustion under closed system was totally based on temperature monitoring 
from thermocouples since the reactor was completely closed to ensure no oxygen entrance. 
Large particle size in the reactor due to loosely packed arrangement of bulky whole bunch 
OPEFB biomass enable hot air easily pass through between the particles providing faster hot 
air distribution and short retention time of carbonization (Idris et al., 2014). Due to this 
condition, more oxygen will enter hence requiring a completely closed pool cover to avoid 
ash formation. 
Trials 1 and 2 were failures with yields of 15 and 24 % respectively (Table 4.2). The 
CVs increased slightly at only 18.06 and 19.66 MJ/kg respectively. Trial 3 was carried by 
taking into consideration from trial 1 and 2 where the yield was slightly improved to 25 %. 
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The CV was successfully improved to 22.95 MJ.kg which was comparable to open 
carbonization system. The proximate analysis, the volatile matter, ash and fixed carbon of 
OPEFB biochar sample were 3.45(±1.20), 25.29(±0.94) and 61.59 wt% on wet basis 
respectively.  On the other hand, the ultimate analysis, carbon, hydrogen, nitrogen and 
oxygen were 61.19, 2.4, 1.3 and 34.40 wt % respectively.  
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Table 4.2 The result on the thermochemical property of solid OPEFB biochar from closed 
carbonization system 
Biochar quality 
analysis  
Raw OPEFB Run 1 Run 2 Run 3 
Proximate 
(%, as received) 
 
 
Moisture 8.31 3.69(±1.53) 3.30(±1.50) 3.45(±1.20) 
Ash 4.45 32.52(±1.86) 33.30 25.29(±0.94) 
Volatiles 67.59 9.64(±0.70) 9.80(±0.42) 9.67(±0.42) 
Fixed 
carbonbd 
19.09 54.14 53.21 61.59 
Ultimate  
(% dry, ash free) 
  
  
C 44.03 52.66(±4.61) 50.42(±10.73) 61.91(±0.78) 
H 6.40 2.38(±0.12) 1.97(±0.35) 2.37(±0.03) 
Obd 47.75 43.59 46.60 34.40 
N 1.65 1.37(±0.40) 1.03(±0.08) 1.33(±0.10) 
C/N 26.66 38.34 49.19  
CV (MJ/kg) 17.74(±1.40) 18.06(±0.55) 19.66(±1.64)a 22.95(±0.35)a  
Biochar Yield (%)   - 15.83 24.00 25.00 
Note: Biochar CV (mean ± SD, n = 3; letters in common indicate no significant    difference 
(p>0.05). 
bdBy difference 
 
 
4.3.3 Comparison between open and closed self-sustained carbonization system 
 
Figure 4.11 shows the comparison of CVs and yield of OPEFB biochar between closed and 
open self-sustained carbonization system. The CV and yield obtained from open system 
carbonization were slightly higher than the closed carbonization system. The open system 
had avoided smaller OPEFB particle size turning into ash through visual observation while, 
the closed system could be only be observed base on temperature which had high risk of 
biochar turn into ash. 
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Figure 4.11 The comparison of CV and yield OPEFB biochar between closed and 
open self-sustained carbonization system 
 
4.3.4 The gaseous pollutants emission under self-sustained carbonization in large scale 
capacity biochar production 
 
Table 4.3 shows the average gaseous pollutant emissions concentration obtained from the 
carbonization in large scale production under self-sustained carbonization. It was found that 
the concentration gaseous pollutants in large scale production are almost three times higher 
than the small scale production. The CO2, CO and CH4 were found 9-16 %, 0.6-1.1 % and 
0.5-1.1 respectively while NOx between 79-100 ppm. For future improvement, it is 
recommended that smoke treatment system can be used to treat gas emission. 
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Table 4.3 The gaseous pollutant emissions concentration in large scale production under self-
sustained temperatures with natural exhausted gas flow rate. 
 
(a)Environmental quality (clean air) regulations 1978, part v - air impurities regulation 25, 
standard A , DOE, Malaysia. 
 
 
4.3.5 Comparison between small scale (30 kg) and large scale (3000kg) OPEFB self –
sustained carbonization   
The comparison between small scale and large scale of OPEFB carbonization under self-
sustained temperature is shown in Table 4.4. Generally, carbonization of pressed-shredded 
OPEFB biomass is much suitable carried out in closed system using small scale reactor. 
However, for large scale pressed-shredded OPEFB biomass, it is good conducted in open 
system. The OPEFB biomass structure which is too soft and pores which turned easily into 
ash when carbonization prolong under uneven firing of carbonization when conducted in 
large scale was the main cause  pressed-shredded OPEFB biomass is more suitable carried 
out in open system compared to small scale where the firing is more uniform and easily to be 
controlled. For bunch biomass where the structure of OPEFB biomass is bulky, closed system  
 
Average 
gaseous  
emission 
concentration 
Large scale (3000kg) Small scale (30kg) 
 
  Standard limit 
 
Pressed-shredded Big bunch Pressed-shredded 
     
CO2 (%) 13.4-15.3 9.07-10.8 3.83-4.30 
 300 
mg/m3(a) 
CO (%) 0.66-0.99 1.09-1.1 0.46-0.55 
CH4 (%) 0.54-1.0 1.0-1.09 0.18-0.20 
SO2 (ppm) ND ND ND 
HCl (ppm) ND ND ND 
NOx (ppm) 94-100 79-80 42-63 
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is more appropriate since it is not easily converted into ash although carbonization retention 
time prolong. 
The maximum temperature for both small and large scale whether pressed-shredded or 
bunch OPEFB did not show any significant different which below 700 oC. Under closed 
system, carbonization retention time was found shorter than open system for pressed-
shredded and bunch biomass. In terms of biochar quality, small scale biochar production is 
much better compared to large scale biochar production. Nevertheless, in terms of yield 
produced, the large scale production produced higher (30-43 %) yield compared to small 
scale biochar production (21-25 %). 
 
Table 4.4 The comparison between small scale and large scale of OPEFB under self-
sustained carbonization. 
Characteristics Small scale (30 kg) Large scale (3000 kg) 
OPEFB biomass Pressed-shredded Pressed-shredded Whole Bunch  
Maximum temperature (oC) 473-590 600-691 583-695 
Retention time (min) 300-1040 2800-3010 1300-1400 
Carbon content (%) 60-65 54-61 50-62 
CV (MJ/kg) 18-25 21.9-24.9 19.6-22.9 
Yield (%) 21-27 30-34 24-25 
Carbonization method Closed system Open system Closed system 
 
4.4 Conclusion 
Under self-sustained carbonization temperature in large scale pool type carbonization reactor 
(3000 kg), the maximum temperature were ranged 583-695 oC for pressed-shredded and 
bunch OPEFB biomass. In terms of CV, large scale biochar production for open and closed 
system carbonization produced CV in between 21.9-24.3 and 19.6-22.9 MJ/kg, respectively 
which is comparable to small scale biochar production which between 18-25 MJ/kg .  
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However, in terms of yield produced, the large scale production produced higher (24-34%) 
yield compared to small scale biochar production (21-27 %). The concentration of gaseous 
pollutants in large scale production is almost three times higher than the small scale 
production. The CO2, CO and CH4 were found 9-16 %, 0.6-1.1 % and 0.5-1.1 respectively 
while NOx between 79-100 ppm. 
The pressed-shredded OPEFB biomass is more suitable carried out under an open 
self-sustained carbonization process in large scale due to its structure is too soft and pores 
which turned easily into ash when carbonization prolong under uneven firing of carbonization 
meanwhile for bunch biomass where the structure of OPEFB biomass is bulky, closed system 
is more appropriate since it is not easily converted into ash although carbonization retention 
time prolong. 
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CHAPTER 5.0: THE EFFECT OF ENERGY BALANCE AND POTENTIAL ENERGY 
SAVING OF RAW AND BIOCHAR OPEFB IN A SCALED-UP POOL TYPE SELF-
SUSTAINED CARBONIZATION REACTOR (3 TONES CAPACITY). 
 
5.1 Introduction 
The energy balance is important to determine whether the production of OPEFB in large scale 
production is viable or not. This is to ensure whether this technology can be implemented at the 
palm industry or it is sustainable to generate more business product. Large scale production of 
biochar under controlled temperature using external heating element and its estimation energy 
balance was reported by Harsono et al., (2013).  However, there is no publication was done on 
the estimation of potential energy saving under self-sustained carbonization on pressed-shredded 
and whole bunch OPEFB. In this chapter, the objective is to evaluate energy balance and 
potential energy saving of raw OPEFB, pressed-shredded and whole bunch OPEFB biochar in a 
scale-up pool type self-sustained carbonization reactor (3 tones capacity). 
 
5.2 Methodology 
This data analysis is based on the information from a biochar pilot plant designed to process 
OPEFB biochar at Universiti Putra Malaysia (UPM). Detail design and specification of pilot 
plant has been discussed in chapter 4. The plant is funded by ministry of education, Malaysia, in 
collaboration research with Kyushu Institute of Technology (KIT), Japan and UPM, Malaysia. 
The plant started operates in January 2012. Since then, it has been operated by scientist from 
both universities. For the analysis, the technical data on plant operations during experiment 
conducted was used from January 2012 until June 2013. Only information on shredder to shred 
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OPEFB biomass into pressed-shredded OPEFB biomass was collected using interviews with 
plant operator at palm oil mill where the OPEFB biomass was collected at Dengkil Selangor. 
Malaysia. The characteristics of the biochar pilot plant production facility are shown in Table 5.1 
 
Table 5.1 The characteristics of the biochar pilot plant production facility in UPM Serdang, 
Malaysia. 
Parameter Description 
Type of kiln Pool type  
Temperature 300 - 600 oC 
Size facility 95 m2 
Palm oil OPEFB biomass transportation Lorry size: 3 tones 
Distance from palm oil mil to biochar pilot plant 25 km 
Project lifetime  25 years 
Working hour per day 24 h 
Electricity consumption 1.5 kWhbatch-1, a, 1 kWhbatch-1,b 
Operating days per batch operation 2-3 daysa, 1.5-2 dayb 
Quantity of feed stock processed per batch 2 ta, 1.5 tb 
Quantity of biochar produced per batch 0.57 ta, 0.37 tb 
a Pressed-shredded OPEFB biomass 
b Whole bunch OPEFB biomass 
 
5.2.1 Biochar pilot plant: System boundaries and data sources 
All relevant processes in the OPEFB biomass production are included within the system 
boundaries of biochar production as shown in Figure 5.1. The energy balance included in a gate-
to-gate analysis the pre-chain processes (i.e diesel, propane fuel and electricity) and 
carbonization process for biochar production but not including energy consumption associated 
with the application of the product in the field, product distribution and manual labour. The 
calculation based on the capacity of OPEFB biomass for pressed-shredded and whole bunch 
(tones/batch operation) of biochar plant and raw OPEFB biomass briquetting. 
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Figure 5.1 System boundaries of biochar production are donated by inner 
 
5.2.2 Data collection 
Primary data consisting of biochar fuel (pressed-shredded and whole bunch) energy content was 
done in Chapter 4. The data related to OPEFB biomass production was obtained during the 
experiment except shredder machine by personnel communication with OPEFB pressed-
shredded supplier. 
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5.2.3 Development energy balance analysis 
 
  
 
  
 
 
  
 
  
 
 
  
 
 
  
 
 
Figure 5.2 The energy analysis flow 
 
There are two stages were evaluated: Energy input-the first is the estimation of energy 
requirement for biochar production which is required for electricity generation and fuel used for 
biochar plant operation and transportation. Energy output-the second is the estimation of energy 
generated for   pressed-shredded, whole bunch OPEFB biomass and pressed-shredded OPEFB 
briquetting. The estimation process as described in Figure 5.2 
Transport OPEFB biomass to 
biochar plant 
Electricity generation 
Shredder electricity generation 
Energy from diesel and propane 
fuel for machineries and pyrolysis 
Briquettes electricity generation 
Energy generated from biochar 
(Pressed-shredded, whole bunch 
OPEFB and pressed-shredded 
OPEFB briquetting) 
 107 
 
 
5.3 Result and discussion 
 
5.3.2 Estimated of energy generated from pressed-shredded biochar, whole bunch biochar 
and raw pressed-shredded OPEFB briquette. 
Data characteristic of pressed-shredded biochar, whole bunch biochar and raw pressed-shredded 
OPEFB were from Chapter 3 and 4. 
Table 5.2 The characteristic of pressed-shredded biochar, whole bunch biochar and raw pressed-
shredded OPEFB is listed below.  
 Pressed-shredded Biochar (PB) 
Whole bunch biochar 
(BB) 
Raw Pressed-
shredded OPEFB 
(RB) 
Calorific Value  24.26 22.95 17.74 
Moisture (%) 3.10 3.64 8.31 
Hydrogen (%) 2.95 2.52 6.4 
Biochar yield  produced 
per batch (kg) 570 370 2000 
 
The lower heating value (LHV) can be determined by correlation below equation 1 proposed by 
Christine, (2003):  
 Equation 1 
W = Weight % of moisture in fuel 
H = Weight % of hydrogen in fuel 
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The potential energy conversion (  can be calculated by following equation (Mahlia et al., 
2001) 
 
So,  
For pressed-shredded biochar 
  
Where 
MPB  = Mass (kg) of pressed-shredded biochar produced per batch carbonization   
  
   
    
So, potential energy conversion 
    
    
   produced per batch carbonization 
It is found 1 cal = 4.2 J, therefore the potential energy (EP) 
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 Raw feed stock 1 batch = 507 kg 
 So,  
   
 
For whole bunch biochar 
 
Where 
MBB  = Mass (kg) of whole bunch biochar produced per batch carbonization   
    
    
    
    
    is produced per batch carbonization 
 So,    
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 Raw feedstock 1 batch = 370 kg 
 So,    
    
 
For raw pressed-shredded OPEFB 
Where 
MRB  = Mass (kg) of raw pressed-shredded OPEFB used   
So,   
   
   
   
  
   
   
1 batch = 1500 kg 
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So,   
 
5.3.3 Estimated of energy requirement to produce pressed-shredded biochar, whole bunch 
biochar and raw pressed-shredded OPEFB briquette. 
 
5.3.3.1 Electric Power Requirement for Biochar Production 
The electricity used for operating lamps and other equipment is 2.0kWhd-1 
So, total electrical power (Ee) for 
Pressed-shredded biochar 
   
   
It is found 1kWh = 3600 kJ and 1cal = 4.2J 
So,    
   
    
1 batch = 2000 kg 
So,   
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For Bunch biochar 
   
   
   
  =  
 
5.3.3.2 Estimation of energy requirement for transport OPEFB biomass to biochar plant. 
The estimation diesel consumed for 3 tones  lorry to transport raw OPEFB biomass at 25 km 
distance from palm oil mill to biochar plant is about 10 liters per batch. There for 
   
  
   
   
   
 So, energy used for transportation 
   
    
 1 cal = 4.2 J 
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So,  
  
  
For dried raw OPEFB briquetting, 2.5 time lorry capacity needed from 3000 kg capacity 
lorry  
  x 2.5 = 136.5 
 
 
 
 
5.3.3.3 Estimation of energy requirement for machineries during production of biochar ( skid 
loadr and excavator) 
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5.3.3.4 Energy Requirement for OPEFB biomass shredding processes 
It is estimated 100 kwh/tones power requirement (Personal communication) 
For 2 tones production = 200 kwh/batch 
 ??????????????????? 
So,   
   
   
   
   
  
   
So, per kg energy 1 batch = 2000 kg 
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5.3.3.5 Energy requirement for briquettes production 
Table 5.3 Type of briquetting machines (P.D Grover and S.K Mishra, 1996) 
Features Piston press Screw extruder 
Optimum moisture content 
of raw material 10-15% 8-9% 
Wear of contact parts low in case of ram and die High in case of screw 
Output from the machine in strokes continuous 
Power consumption 50 kwh/ton 60 kwh/ton 
Density of briquette 1-1.2 gm/cm3 1-1.4 gm/cm3 
Maintenance high low 
Combustion performance 
of briquette not so good very good 
Carbonization of charcoal not possible makes good charcoal 
Suitability in gasifies not suitable suitable 
Homogeneity of briquettes non-homogeneous homogeneous 
Size of briquettes 
60 mm external 
diameter and 85 mm 
long 
60 mm external 
diameter and 85 mm 
long 
 
Screw extruder briquetting machine is selected since it can produce good charcoal and for 
homogenous for pressed-shredded and bunch biochar. 
 
 
For pressed-shredded biochar, electric power consumption (Ee) 
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1 cal = 4.2 J 
So,   
   
1 batch = 570 kg 
  
  
 
For bunch biochar. 
 
  
    
 1 kWh = 3600 J  
 
1 cal = 4.2 J 
    
1 batch = 370 kg 
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For raw OPEFB biomass briquetting piston press machine is more suitable due to non- 
homogenous OPEFB biomass. 
  
    
1 kWh = 3600 J 
  
1 cal = 4.2 J 
  
1 batch = 1500 kg 
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5.3.3.6 Energy requirement for self-sustained carbonization process 
Since the carbonization is self- sustainable, the used of propane at initial burning was estimated 2 
kg/batch 
  
  
 
 
 1 cal = 4.2 J 
   
    
 1 batch = 2000 kg for pressed-shredded biochar 
 So,   
    
 1 batch = 1500 kg for bunch biochar  
So,   
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5.3.4 Estimated of energy balance (input and output) to produce pressed-shredded 
biochar, whole bunch biochar and raw pressed-shredded OPEFB briquette. 
The total energy input of the biochar production process for pressed-shredded biochar and the  
whole bunch biochar are 420.5 and 330.3 kcal/kg respectively meanwhile for raw pressed-
shredded OPEFB briquette is 509 kcal/kg as seen in Table 5.4. The largest energy input is for the 
diesel fuel consumed from machineries during the carbonization for pressed-shredded biochar, 
the whole bunch biochar and for raw pressed-shredded OPEFB briquetting followed by 
transportation of biochar to the warehouse (245 kcal/kg EFB), followed by lorry transportation 
(54-137 kcal/kg) and energy from propane fuel used for pyrolysis for pressed-shredded biochar 
and the whole bunch biochar (i.e.: 12 kcal/kg EFB). Electricity consumption only required 2.2-
2.57 kcal/kg EFB). 
The total energy output of the products from the slow carbonization for pressed-shredded 
biochar, whole bunch biochar and raw pressed-shredded OPEFB briquetting are 4738, 4979 and 
4141 kcal/kg EFB respectively. The ratio energy output/input are positive; 11, 15 and 8 
respectively where more energy produced than energy consumed for production. The energy 
output/input ratio found is more than the ratio of 2.75 reported for biochar production under 
controlled temperature with external heating element using similar biomass (Harsono et al., 
2013). It is found that the energy ratio output/input for bunch biochar is slightly higher than 
energy ratio output/input for pressed-shredded biochar making it still comparable thus reducing 
step of shredding process for sustainable process to be implemented in palm oil industry. 
Briquetting raw pressed-shredded without carbonization process step also showed viable energy 
produced, however drying step which moisture below than 10 % is required. 
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Table 5.4 The total energy demand of the biochar production process for pressed-shredded 
biochar and for raw pressed-shredded OPEFB briquetting 
Input (Energy consumed) 
 
Energy input (kcal/kg OPEFB) 
Pressed-
shredded 
biochar(PB) 
Bunch 
biochar(BB) 
Raw Pressed-
shredded 
OPEFB (RB) 
1. Transportation raw OPEFB 
to biochar plant 
54.6 54.6 136.5 
2. Energy from propane fuel 
used for pyrolysis 
12 12 - 
3. Electricity generation 2.57 2.2 - 
4. Energy for briquettes 
biochar production 
57.8 51.4 42 
5. Energy for shredding of 
raw OPEFB 
85.7 - 85.7 
6. Energy used for 
machineries  
245 245 245 
 Total Energy 458 365 509 
 
Output (Energy produced) 
Energy output (kcal/kg OPEFB) 
 Pressed-
shredded biochar  
Whole Bunch 
biochar 
Raw Pressed-
shredded 
OPEFB  
1. Biochar 5656 5464 4141 
 Ratio output/input 12.3 15 8 
 
5.4 Conclusion 
The ratio energy output/input for pressed-shredded biochar, whole bunch biochar and raw 
pressed-shredded OPEFB briquette were positive which 14, 15 and 8 respectively. Whole bunch 
biochar is still the highest ratio energy output/input biochar production although without pressed-
shredder machine process step making it more energy produced than the energy required. 
Briquetting raw pressed-shredded without carbonization process step also showed viable energy 
produced, however drying step which moisture below than 10 % is required. 
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CHAPTER 6.0 : CONCLUSION AND REMARKS 
Biochar production with high calorific value requires high capital investment and high 
energy requirement. In this study, biochar production under self-sustained carbonization from 
oil palm biomass was proposed and tested in a 30 kg pilot scale and was scaled-up to 3 tones 
pool type carbonization reactor capacity, whereby oil palm biomass is combusted on its own 
to provide the heat for carbonization in inadequate oxygen without electrical heating element. 
Self-sustained carbonization from OPEFB biomass was successfully tested at pilot 
scale carbonization reactor (30 kg capacity). For self-sustained carbonization with natural 
exhausted gas flow rate, the maximum temperature was ranged 417-580 oC, at all particle size 
tested which is suitable for biochar production. The average concentration of CO2, CO and 
CH4 released during the carbonization process in this study was between 2.8-4.1, 0.38-0.51 
and 0.17 – 0.26 % respectively for all particle size tested. For self-sustained carbonization 
with fixed exhausted gas flow rate, the maximum temperature was similar to natural 
exhausted gas flow rate  which were between 493-564 oC at all particle size tested. The 
average concentration of CO2, CO and CH4 released during the carbonization process were 
between 3.65-5.59, 0.56-0.72 and 0.29-0.39 % respectively for all particle size tested. SO2 
and HCl were not detected at all particle size tested in this study. The NOx and particulate 
matter, PM10 for both natural and fixed exhausted gas flow rate were well below permitted 
level limits of air pollution emissions under the environmental quality (clean air) regulations 
1978, part v-air impurities regulation 25, standard A set by the Department of Environment.  
In this study, self-sustained carbonization harvesting temperature has shown a very 
significant effect on the retention time hence effected on the yield and CV of OPEFB biochar. 
As the self-sustained carbonization harvesting temperature decreased, the biochar yield 
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decreases, the carbonization retention time increased. The biochar yields and carbonization 
retention time have opposing trends 
For self-sustained carbonization temperature with natural exhausted gas flow rate, 
harvesting carbonization temperature of < 500 oC of OPEFB biomass at the particle size 
range from 100-150 mm produced the highest biochar yield between 23-25 % and produced 
highest CV of OPEFB biochar between 22.6-24.7 MJ/kg. The carbonization retention time 
were found at average of 845 min. At this particle size, no further size reduction was needed 
to achieve high CV, thus reduce the energy requirement at the production line. For self-
sustained carbonization temperature with fixed exhausted gas flow rate, more OPEFB biochar 
yield can be obtained at all particle size tested which found between 23.7-27 % compared to 
self-sustained with natural exhausted gas flow rate at similar particle size and carbonization 
harvesting temperature (< 500 oC) which can still produce high CV between 23.0-24.4 
MJ/kg. Moreover, the carbonization retention time between 280-462 min were found less as 
compared to natural exhausted gas flow rate contributed to high yield. More consistent result 
can be achieved under self-sustained carbonization temperature with fixed exhausted gas 
flow rate but more energy used from the usage of exhaust gas blower. The CV of the OPEFB 
biochar in this study is comparable with other studies conducted under controlled temperature 
with external energy sources. The nutrient rich biochar from OPEFB biomass successfully 
increased from the feedstock, meanwhile heavy metals were found were lower than listed 
ceiling concentration. Surface are did not showed improvement from 2 m2/g (raw OPEFB) to 
5 m2/g (OPEFB biochar) for both small and large scale production, thus require either 
physical or chemical activation process. 
Scaling-up biochar production from OPEFB under self-sustained carbonization in 
pool type reactor (3000 kg capacity) was successful piloted and tested. The maximum 
temperature were ranged 583-695 oC for pressed-shredded and bunch OPEFB biomass. In 
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terms of CV, large scale biochar production for open and closed system carbonization 
produced CV in between 21.9-24.3 and 19.6-22.9 MJ/kg, respectively which is comparable to 
small scale (30 kg ) biochar production which between 18-25 MJ/kg . The yield produced for 
both pressed-shredded and bunch OPEFB biomass was slightly higher between 24-34 %. The 
concentration of gaseous pollutants in large scale production is almost three times higher than 
the small scale production and it is recommended that, smoke gas treatment to be used to 
treat gases pollutant. 
The ratio energy output/input for pressed-shredded biochar, whole bunch biochar and 
raw pressed-shredded OPEFB briquette were positive which 14, 15 and 8 respectively 
making this proposed system without electrical control and heating source is preferable to the 
industry due to its simplicity, ease of operation and low energy requirement.  
It recommended that, in the future study, difference kind of biomass could be used 
and tested in this an appropriate technology to ensure sustainable renewable energy.  
 
124 
 
References 
Abdullah, N., Gerhauser, H., 2008. Bio-oil derived from empty fruit bunches. Fuel 87, 2606–
2613.  
Abdullah, N., Gerhauser, H., Sulaiman, F., 2010. Fast pyrolysis of empty fruit bunches. Fuel 89, 
2166–2169.  
Abdullah, N., Sulaiman, F., 2013. A Comparison Study on Oven and Solar Dried Empty Fruit 
Bunches. J Environ Earth Sci. 
Adam, J.C., 2009. Improved and more environmentally friendly charcoal production system 
using a low-cost retort–kiln (Eco-charcoal). Renew Energy 34, 1923–1925.  
Ali, A.A.M., 2012. Effects of palm biomass addition on the enhanced biogass in methane 
fermentation of palm oil mill effleunt and the microbiota changed. Kyushu Institute of 
Technology. 
Anuradda Ganesh and Rangan Banerjee, 2001. Biomass pyrolysis for power generation - a 
potential technology. Renew Energy 9 – 14. 
Ateş, F., Işıkdağ, M.A., 2009. Influence of temperature and alumina catalyst on pyrolysis of 
corncob. Fuel 88, 1991–1997.  
Ayhan Demirbas, 2004. Effects of temperature and particle size on bio-char yield from pyrolysis 
of agricultural residues. J. Anal. Appl. Pyrolysis 72 (2004) 243–248. 
Agrafioti, E., Bouras, G., Kalderis, D., Diamadopoulos, E., 2013. Biochar production by sewage 
sludge pyrolysis. J. Anal. Appl. Pyrolysis 101, 72–78.  
Bahrin, E.K., Baharuddin, A.S., Ibrahim, M.F., Razak, M.N.A., Sulaiman, A., Aziz, S.A., 
Hassan, M.A., Shirai, Y., Nishida, H., 2012. Physicochemical property changes and 
enzymatic hydrolysis enhancement of oil palm empty fruit bunches treated with superheated 
steam. BioResources. 
BritishPetroleum, 2010. Statical review energy fom palm oil 
http://www.bp.com/productlanding.do? (accessed 11.10.10). 
Bridgeman, T.G., Darvell, L.I., Jones, J.M., Williams, P.T., Fahmi, R., Bridgwater, A.V., 
Barraclough, T., Shield, I., Yates, N., Thain, S.C., Donnison, I.S., 2007. Influence of 
particle size on the analytical and chemical properties of two energy crops. Fuel 86, 60–72.  
Bustin, R.M., Mastalerz, M., Wilks, K.R., 1993. Direct determination of carbon, oxygen and 
nitrogen content in coal using the electron microprobe. Fuel 72, 181–185.  
 
125 
 
Chen, B., Zhou, D., Zhu, L., 2008. Transitional adsorption and partition of nonpolar and polar  
aromatic contaminants by biochars of pine needles with different pyrolytic temperatures. 
Environ. Sci. Technol. 42, 5137–5143. 
Christine, 2003. Methodology for thermal efficiency and energy input calculations and analysis 
of biomass cogeneration unit characteristics. 
Demirbas, A., 2004. Effects of temperature and particle size on bio-char yield from pyrolysis of 
agricultural residues. J Anal Appl Pyrolysis 72, 243–248. doi:10.1016/j.jaap.2004.07.003 
Demirbaş, A., 2003. Sustainable cofiring of biomass with coal. Energy Convers Manag 44, 
1465–1479.  
Demirbas, M.F., Balat, M., Balat, H., 2009. Potential contribution of biomass to the sustainable 
energy development. Energy Convers Manag 50, 1746–1760.  
Department of Environment (DOE), Malaysia., 2000. Environmental quality (clean air) 
regulations,1978.http://cp.doe.gov.my/cpvc/wpcontent/uploads/2011/04/Regulations/Enviro
nmental_Quality(Clean_Air).pdf]. URL (accessed 6.25.12). 
Easterly, J.L., Burnham, M., 1996. Overview of biomass and waste fuel resources for power 
production. Biomass and Bioenergy 10, 79–92. doi:10.1016/0961-9534(95)00063-1 
EB, 2013. Environmental biotechnology research group. Sedang Selangor. 
Effendi, A., Gerhauser, H., Bridgwater, A.V., 2008. Production of renewable phenolic resins by 
thermochemical conversion of biomass: A review. Renew Sustain Energy Rev 12, 2092–
2116.  
Elham, P., 2001. The Production of Palm Kernel Shell Charcoal by the Continuous Kiln Method. 
EPA, 2005. Title 40-Protection of environment. Standards for the use or disposal of sewage 
sludge. Code of federal regulations. Washington, D.C. 
González, Z., Javier Feria, M., Vargas, F., Rodríguez, A., 2012. Comparison of the Heating 
Values of Various Types of Fuel from Non-Wood Raw Materials. Am. J. Environ. Eng. 2, 
91–96.  
Hooi, K.K., Alimuddin, Z., Alauddin, Z., Ong, L.I.M.K., 2009. Laboratory-scale pyrolysis of oil 
palm pressed fruit fibres. J Oil Palm Res 21, 577–587. 
Hyung-Taek and Wongee Chun, 1998. The Particle Size Effect on the Pollutant Formation in 
Pulverised Caol Combustion. Environ Eng Res 3, 21 – 29. 
126 
 
Harsono, S.S., Grundman, P., Lau, L.H., Hansen, A., Salleh, M.A.M., Meyer-Aurich, A., Idris, 
A., Ghazi, T.I.M., 2013. Energy balances, greenhouse gas emissions and economics of 
biochar production from palm oil empty fruit bunches. Resour. Conserv. Recycl. 77, 108–
115. 
Idris, J., Shirai, Y., Ando, Y., Mohd Ali, A.A., Othman, M.R., Ibrahim, I., Hassan, M.A., 2014. 
Self-sustained carbonization of oil palm biomass produced an acceptable heating value 
charcoal with low gaseous emission. J. Clean. Prod. 
Jahirul, M., Rasul, M., Chowdhury, A., Ashwath, N., 2012. Biofuels Production through 
Biomass Pyrolysis —A Technological Review. Energies 5, 4952–5001.  
Kamarudin, S.K., Shamsul, N.S., Ghani, J.A., Chia, S.K., Liew, H.S., Samsudin, A.S., 2013. 
Production of methanol from biomass waste via pyrolysis. Bioresour Technol 129, 463–8.  
Kerdsuwan, S., Laohalidanond, K., 2010. Renewable Energy from Palm Oil Empty Fruit Bunch. 
Konsomboon, S., Pipatmanomai, S., Madhiyanon, T., Tia, S., 2011. Effect of kaolin addition on 
ash characteristics of palm empty fruit bunch (EFB) upon combustion. Appl Energy 88, 
298–305.  
Keri B Cantrell and Jerry H Martin II (2011), Stochastic state-space temperature regulation of 
biochar production. Part II: Application to manure processing via pyrolysis, J Sci Food 
Agric 2012; 92: 490–495. 
Lua, A.C., Guo, J., 1998. Preparation and characterization of chars from oil palm waste. Carbon 
N Y 36, 1663–1670.  
Liang, L., Sun, R., Fei, J., Wu, S., Liu, X., Dai, K., Yao, N., 2008. Experimental study on effects 
of moisture content on combustion characteristics of simulated municipal solid wastes in a 
fixed bed. Bioresour Technol 99, 7238–7246. 
L.D. Danny Harvey, 2010. Energy and the new reality 2 : Carbon-free energy supplyCarbon-Free 
Energy Supply. Earthscan, London. 
Law, K.-N., Wan Daud, W.R., Ghazali, A., 2007. Morphological and Chemical Nature of Fiber 
Strands of Oil Palm Empty Fruit Bunch (OPEFB). BioResources. 
Lievens, C., Yperman, J., Vangronsveld, J., Carleer, R., 2008. Study of the potential valorisation 
of heavy metal contaminated biomass via phytoremediation by fast pyrolysis: Part I. 
Influence of temperature, biomass species and solid heat carrier on the behaviour of heavy 
metals. Fuel 87, 1894–1905.  
Lehmann, J., Joseph, S., 2009. Biochar for Environmental Management: Science and 
Technology. Earthscan, Sterling, VA. 
127 
 
Mahlia, T.M.., Abdulmuin, M.., Alamsyah, T.M.., Mukhlishien, D., 2001. An alternative energy 
source from palm wastes industry for Malaysia and Indonesia. Energy Convers Manag 42, 
2109–2118.  
MPOC, 2014. Oil palm plantation .http://www.mpoc.org.my/Overview.aspx.(aceessed 
20.4.2014) 
Menon, N.R., Ab Rahman, Z., Abu Bakar, N., 2006. Empty fruit bunches evaluation : Mulch in 
plantation Vs Fuel for electricity generation. Oil palm Ind Econ J 3, 15 – 20. 
MPOB, 2013. Oil Palm and the Environment. http://mpob.gov.my/en/palm-info/(acessed 
4.2.2012) 
Mohd Munzir, H., 2008. The production of ecofiber from palm oil empty fruit bunch (EFB). 
Undergraduates Project Report (PSM) thesis, Universiti Malaysia Pahang. 
Mungkunkamchao, T., Kesmala, T., Pimratch, S., Toomsan, B., Jothityangkoon, D., 2013. Wood 
vinegar and fermented bioextracts: Natural products to enhance growth and yield of tomato 
(Solanum lycopersicum L.). Sci Hortic (Amsterdam) 154, 66–72.  
M. J. Antal and M. Grønli, 2003. The Art, science and technology of charcoal production. Ind. 
Eng. Chem. Res. 42, 1619–1640. 
Nasrin, A.B., Ma, A.N., Choo, Y.M., Mohamad, S., Rohaya, M.H., Azali, A., Zainal, Z., 
Institusi, P., Bangi, B.B., Tebal, N., Pinang, P., 2008. Oil Palm Biomass as Potential 
Substitution Raw Materials For Commercial Biomass Briquettes Production. Am. J. Appl. 
Sci. 5, 179–183. 
Nordin, N.I.A.A., Ariffin, H., Andou, Y., Hassan, M.A., Shirai, Y., Nishida, H., Yunus, W.Z.W., 
Karuppuchamy, S., Ibrahim, N.A., 2013. Modification of oil palm mesocarp fiber 
characteristics using superheated steam treatment. Molecules 18, 9132–46.  
Nussbaumer, T., 2003. Combustion and Co-combustion of Biomass:  Fundamentals, 
Technologies, and Primary Measures for Emission Reduction †. Energy & Fuels 17, 1510–
1521.  
Omar, R., Idris, A., Yunus, R., Khalid, K., Aida Isma, M.I., 2011. Characterization of empty fruit 
bunch for microwave-assisted pyrolysis. Fuel 90, 1536–1544.  
Ong, H.C., Mahlia, T.M.I., Masjuki, H.H., 2011. A review on energy scenario and sustainable 
energy in Malaysia. Renew Sustain Energy Rev 15, 639–647.  
P.D Grover and S.K Mishra, 1996. Biomass briquetting : technology and practices. Bangkok. 
128 
 
Rahman Mohamed, A., Lee, K.T., 2006. Energy for sustainable development in Malaysia: 
Energy policy and alternative energy. Energy Policy 34, 2388–2397.  
Razuan, R., Chen, Q., Finney, K.N., Russell, N. V., Sharifi, V.N., Swithenbank, J., 2011. 
Combustion of oil palm stone in a pilot-scale fluidised bed reactor. Fuel Process Technol 
92, 2219–2225.  
Razuan, R., Chen, Q., Zhang, X., Sharifi, V., Swithenbank, J., 2010. Pyrolysis and combustion of 
oil palm stone and palm kernel cake in fixed-bed reactors. Bioresour Technol 101, 4622–9.  
Ronsse, F., van Hecke, S., Dickinson, D., Prins, W., 2013. Production and characterization of 
slow pyrolysis biochar: influence of feedstock type and pyrolysis conditions. GCB 
Bioenergy 5, 104–115.  
Rousset, P., Caldeira-Pires, A., Sablowski, A., Rodrigues, T., 2011. LCA of eucalyptus wood 
charcoal briquettes. J Clean Prod 19, 1647–1653.  
Razali, W.A.W., Baharuddin, A.S., Talib, A.T., Sulaiman, A., Naim, M.N., Hassan, M.A., 
Shirai, Y., 2012. Degradation of oil palm empty fruit bunches (OPEFB) fibre during 
composting process using in-vessel composter. BioResources. 
Ramli, R., Shaler, S., Jamaludin, M.A., 2002. Properties of medium density proper operties 
fibreboard from oil palm empty. J. Oil Palm Res. 14, 34 – 40.  
Sami, M., Annamalai, K., Wooldridge, M., 2001. Co-firing of coal and biomass fuel blends. Prog 
Energy Combust Sci 27, 171–214.  
Shuit, S.H., Tan, K.T., Lee, K.T., Kamaruddin, A.H., 2009. Oil palm biomass as a sustainable 
energy source: A Malaysian case study. Energy 34, 1225–1235. 
Sims, R.E.., 2001. Bioenergy — a renewable carbon sink. Renew Energy 22, 31–37.  
Sugumaran P, S.S., 2009. Evaluation of selected biomass for charcoal production. J Sci Ind Res 
68, 719–723. 
Sukiran, M.A., Kartini, N.O.R., Bakar, A.B.U., Chin, C.M.E.E., 2009. Optimization of pyrolysis 
of oil palm empty fruit bunches optimization of pyrolysis of oil palm empty fruit bunches 
21, 653–658. 
Sukiran, M.A., Kheang, L.S., Bakar, N.A., May, C.Y., 2011. Production and Characterization of 
Bio-Char from the Pyrolysis of Empty Fruit Bunches. Am J Appl Sci 8, 984–988. 
doi:10.3844/ajassp.2011.984.988 
Sumathi, S., Chai, S.P., Mohamed, A.R., 2008. Utilization of oil palm as a source of renewable 
energy in Malaysia. Renew Sustain Energy Rev 12, 2404–2421.  
129 
 
Sun, R., Tomkinson, J., Bolton, J., 1999. Effects of precipitation pH on the physico-chemical 
properties of the lignins isolated from the black liquor of oil palm empty fruit bunch fibre 
pulping. Polym Degrad Stab 63, 195–200.  
Spokas, K.A., Cantrell, K.B., Novak, J.M., Archer, D.W., Ippolito, J.A., Collins, H.P., Boateng, 
A.A., Lima, I.M., Lamb, M.C., McAloon, A.J., Lentz, R.D., Nichols, K.A., 2012. Biochar: a 
synthesis of its agronomic impact beyond carbon sequestration. J Environ Qual 41, 973–89.  
Tillman, D.., 2000. Biomass cofiring: the technology, the experience, the combustion 
consequences. Biomass and Bioenergy 19, 365–384.  
Talib, A.T., Mokhtar, M.N., Baharuddin, A.S., Sulaiman, A., 2014. Effects of aeration rate on 
degradation process of oil palm empty fruit bunch with kinetic-dynamic modeling. 
Bioresour. Technol. 169, 428–38. 
Venderbosch, R., Prins, W., 2010. Fast pyrolysis technology development. Biofuels, Bioprod. 
Biorefining 4, 178–208.  
Walter Emrich, 1985. Handbook of charcoal making, 7th ed. D.Reidel Publishing Company, 
Dordrect/Boston/Lancaster. 
Xu, R., Ferrante, L., Hall, K., Briens, C., Berruti, F., 2011. Thermal self-sustainability of biochar 
production by pyrolysis. J Anal Appl Pyrolysis 91, 55–66.  
Yan, R., Yang, H., Chin, T., Liang, D.T., Chen, H., Zheng, C., 2005. Influence of temperature on 
the distribution of gaseous products from pyrolyzing palm oil wastes. Combust Flame 142, 
24–32.  
Yusoff, S., 2006. Renewable energy from palm oil – innovation on effective utilization of waste. 
J Clean Prod 14, 87–93. 
Yi, Q., Qi, F., Cheng, G., Zhang, Y., Xiao, B., Hu, Z., Liu, S., Cai, H., Xu, S., 2012. 
Thermogravimetric analysis of co-combustion of biomass and biochar. J. Therm. Anal. 
Calorim. 112, 1475–1479.  
 
 
